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In response to the increasing frequency of water quality impairment near tributary outlets, 
understanding the delivery of nutrients to the nearshore region of the Great Lakes is 
becoming increasingly important. This study assessed the transport of nutrients from 
tributaries to the nearshore region of lakes by evaluating the dynamics of tributaries and 
river plumes. Analysis focused on answering the following questions: (1) How do 
hydrologic characteristics of Lake Michigan tributaries vary historically and in comparison to 
each other; (2) How do nutrient concentrations vary episodically and chemostatically within 
Lake Michigan tributaries, and how does this impact nutrient loading; (3) How do Lake 
Michigan river plumes’ spatial characteristics and classification vary temporally, and 
what are the ecological implications? 
Hydrologic trends for eleven Lake Michigan tributaries were assessed using all available 
USGS streamflow data from 1920-2015. Rivers varied in quantity of available 
streamflow data. Particular parameters analyzed were day of year annual peak streamflow 
occurred, annual peak flow magnitude, annual median flow, annual Richards-Baker (R-B) 
Index, annual Gini coefficients, and annual storm count using three streamflow
xiii 
thresholds. One river, Manitowoc River (WI), experienced significant changes in peak 
flow timing with a positive shift indicating a peak flow occurring later within the year. 
Burns Ditch (IN) was the only tributary to show a statistically significant change in 
annual peak flow magnitude (a positive trend). Burns Ditch, Grand River (MI), 
Kalamazoo River (MI), Milwaukee River (WI), and St. Joseph River (MI) all 
experienced statistically significant increases in annual median flow and annual storm 
count, while the Menominee River (WI) and Indiana Harbor Canal (IN) experienced 
statistically significant decreases in annual median flow and annual storm count. Burns 
Ditch, Grand River, Kalamazoo River, Menominee River, Milwaukee River, and St. 
Joseph River experienced significant decreases in annual R-B Index while Muskegon 
River (MI) experienced a significant positive trend in annual R-B Index. 
Nutrient trends for eleven Lake Michigan tributaries were assessed using USGS water 
quality data from 2011-2015. Three methods were used to assess the chemostaticity of 
total nitrogen, total phosphorus, orthophosphate, and total suspended solids: (1) 
streamflow-concentration trend line slopes, (2) ratio of Gini coefficients, and (3) ratio of 
coefficients of variations. The results varied greatly between methods, although the 
majority of nutrients were found to behave chemostatically (constant concentration with 
changing streamflow) or accretively (increasing concentration with increasing 
streamflow).  
River plumes were assessed at the Grand River, St. Joseph River, Milwaukee River, and 
Trail Creek from 2011-2013. For these years, the study rivers outlet 49% of total 
xiv 
streamflow during plumes that directly affected the nearshore region, 18% mixed into the 
offshore water, and 33% was delivered during negatively buoyant river plumes.  
Sampling was conducted at St. Joseph River, Grand River, and Trail Creek in order to 
capture the horizontal and vertical plume structure. The mean plume size for the St. 
Joseph River was 1.8-3.8 km2 with a standard deviation of 0.8-1.6 km2. For the Grand 
River, the mean plume size was 0.7-2.6 km2 with a standard deviation of 0.5-1.5 km2. 
The Trail Creek plumes never exited the river mouth on sampling days, and the river 
water was mixed completely with lake water upstream from the outlet. On all sampling 
days with vertical sampling, the St. Joseph River plume lifted off the river bottom before 
exiting the river mouth except for the May 1st, 2012 plume which was the largest 
streamflow plume captured.  
Higher nutrient concentrations found within river water coupled with increasing median 
streamflow and storm event occurrence indicate potential water quality concerns in the 
nearshore region of Lake Michigan. Because of the localized impact of Lake Michigan 
river plumes, contaminants and nutrients being introduced into the lake will most likely 
directly impact the nearshore ecosystem. For example, higher tributary nutrient loads 
entering the nearshore zone could cause increases in local productivity which could 
impact shoreline health. 
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CHAPTER 1. INTRODUCTION 
The Great Lakes provide drinking water for over 40 million people and are home to 250 
species of fish (United States Environmental Protection Agency, 2014; NOAA, 2014). 
With over 10,000 miles of shoreline, the nearshore region provides land for residential, 
industrial, commercial, recreation, and water extraction developments (NOAA Great 
Lakes Environmental Research Laboratory, 2014). Because of the importance of the 
nearshore region as both a resource and ecosystem, contaminants like excess nutrients 
entering the system can be detrimental. Although nutrient inputs vary per region with 
composition and concentration, excess nutrients are a common problem especially in the 
nearshore regions near tributary outlets (Hecky et al, 2004; Nicholls & Hopkins, 1997). 
During the 20th century, nutrient export has tripled in the Lake Michigan Basin (Han & 
Allan, 2012). A main source of phosphorus to the Great Lakes has been from agricultural 
applications, particularly fertilizers. Within Lake Erie, watershed fertilizer inputs 
decreased by about 30% in the early 1980s; however, nonpoint source total phosphorus 
(TP) from agricultural fields remains the top output averaging about 60% of total loads 
(Joosse & Baker, 2010). High interannual variability in the distribution of annual outputs 
can be seen within watersheds because of changes to crop practices as well as weather 
patterns (Baker & Richards, 2002; Joosse & Baker, 2010). 
2 
 This variability can make monitoring lake and river health difficult especially in 
situations where the concentration and streamflow fluctuations lead to the water-body not 
maintaining nutrient target levels like with Lake Erie (DePinto et al, 2014). Developing 
methods for assessing and preventing excess nutrient loading is extremely important to 
help existing areas suffering from water quality concerns. 
1.1 Harmful Algal Blooms within the Great Lakes 
One of the biggest threats to human health within the Great Lakes caused by excess 
nutrient loading is the occurrence of harmful algal blooms (HABs). HABs result when 
blue-green algae blooms in excess providing prime habitat for the development of 
neurotoxins, liver toxins, cell toxins, and skin irritants (Sea Grant Michigan, 2014). The 
most common toxins present within HABs in the Great Lakes are skin irritants that can 
cause itching skin and gastrointestinal upset when ingested (Sea Grant Michigan, 2016). 
Common species of algae found in HABs naturally occur within the Great Lakes, but 
their occurrence has been steadily increasing in the last few decades (GLERL, 2016). 
Research conducted by the Great Lakes Environmental Research Laboratory (GLERL) 
indicates anthropogenic nutrients from agricultural runoff, wastewater, and industrial 
waste as the primary cause for the increase in bloom frequency. Additionally, recent 
projects found the introduction of invasive mussels as an influencing factor (GLERL, 
2016).  
HABs have been in the news recently throughout the Great Lakes although the majority 
of problems have been occurring within Lake Erie. Lake Erie suffers from “Perfect Storm” 
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conditions with extremely high phosphorus concentrations entering the lake and 
shallower water columns compared to the other Great Lakes which allows for warmer 
temperatures and greater light penetration depth (Jeanneret, 1989). Because of these ideal 
conditions for the algae, human and ecosystem health concerns have become an 
increasingly common issue for communities around the lakes. 
1.1.1 Toledo, Ohio Lake Erie Water Crisis 
In August of 2014, 500,000 residents of Toledo, Ohio experienced severe water quality 
issues when a toxic algal bloom hit the western shore of Lake Erie. The bloom produced 
a toxin called microcystin which causes gastro-intestinal and liver issues if ingested by 
humans (Wines, 2014). During the Toledo Water Crisis, residents were instructed to not 
drink their tap water from August 2-4 and were warned that exposure could have adverse 
health consequences for people and death in small pets (Ohio Environmental Protection 
Agency, 2016). The state spent $187,000 to supply residents with bottled drinking water 
(Ohio Environmental Protection Agency, 2016). 
The bloom is believed to be the byproduct of intense phosphorus delivery from industrial 
runoff, faulty wastewater treatment and septic systems, and agricultural runoff from 
fields and concentrated animal feeding operations (Rissien, 2014).  This is not the first 
water quality incident caused by agricultural phosphorus loading to Lake Erie; a recent 
report issued by the International Joint Commission (IJC) stated that agricultural runoff 
has been the top contributor of TP to Lake Erie since the 1980s and has caused many 
HABs within the lake (International Joint Commission, 2014). 
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1.1.2 Lake Erie’s 2011 Record Harmful Algal Bloom 
Record breaking issues with Lake Erie’s water supply occurred during the summer 
spanning into the fall of 2011. Believed to be the result of an elevated amount of spring 
precipitation and snow melt coupled with the effects of quagga mussels, the Lake Erie 
western basin experienced a harmful algal bloom spanning more than 2,000 square miles 
during its peak at the beginning of October 2011 (NASA Earth Observatory, 2011). 
Satellite imagery captured the rapidly expanding plume which was centered in the 
western basin (Figure 1.1). 
 
Figure 1.1 MODIS imagery captured on the Aqua Satellite October 9th, 2011: Satellite 
image provided by the NASA Earth Observatory showing the expanse of the algal bloom 
occurring with the western basin of Lake Erie 
 
The Microcystis aeruginosa within the bloom out-competed naturally occurring biota for 
oxygen which limited the usual primary production. This issue was exacerbated by the 
quagga mussel population’s preference for filtering phytoplankton and not Microcystis 
(NASA Earth Observatory, 2011). The bloom created substantial health concerns for 
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people and the affected ecosystem. During the peak of the HAB, Microcystis 
concentrations reached 224 times the limit set by the World Health Organization 
(Erickson, 2013). As Microcystis began to die, bacteria decomposed the algae resulting in 
plummeting oxygen concentrations within the water (Baehr, 2014). The depleted oxygen 
caused anoxic or hypoxic conditions which could have been deadly for fish populations 
especially in the shallowest parts of Lake Erie where over 130 fish species typically live 
(Baehr, 2014). During the 2011 record breaking HAB, an estimated $3.7 million dollars 
was lost due to limited recreational water and near-water activities like fishing, boating, 
and swimming (Baehr, 2014).  
In response to the increased frequency and severity of the Lake Erie Harmful Algal 
Blooms, the US Environmental Protection Agency (EPA) recently awarded $8.6 million 
to the Ohio, Michigan, and Indiana to help fight the water quality issue through research 
investigations into root causes and prevention methods. Much of the money will go 
towards incentivizing the usage of best management practices within the contributing 
watersheds especially targeting controlling agricultural runoff from fields and animal lots. 
Additionally, funding will be allocated to increase sampling and improve measurement 
techniques for nutrients within the waterways (Jackson, 2014). Researchers agree that 
seasonal precipitation can influence the formation of nearshore HABs, as seen with the 
wet spring weather being attributed to enhancing the magnitude of the 2011 Lake Erie 
HAB, but limited research has been conducted on the influence of episodic rain events on 
overall nutrient loading (NASA Earth Observatory, 2011). Nutrient loading response to 
an episodic event influences the required future water quality monitoring and 
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management efforts needed to prevent the continued increase in HAB frequency and 
severity. Also, limited research has been conducted within the Great Lakes regarding the 
behavior of the nutrient rich tributary water once it enters the lakes. Nutrient effects on 
the receiving water body will depend on how the river plume mixes with the lake water 
(Nekouee, 2013). For example, river plumes that disperse rapidly into the offshore region 
could have a diluted influence on the lake’s ecosystems. Alternatively, a river plume that 
stays concentrated along the nearshore region delivers much higher concentrations of 
nutrients to the shallower ecosystems and shoreline. Understanding the influence of 
episodic events and the behavior of river plumes is important for future conservation 
efforts.  
1.2 Cladophora within Lake Michigan 
Lake Michigan is also suffering from ecosystem distress from excess TP. A reoccurring 
issue within Lake Michigan is the presence of Cladophora blooms in nearshore regions. 
Cladophora is a green, nuisance algae that grows on rocky lake floors that receive light 
penetration (Wisconsin Department of Natural Resources, 2013). Cladophora is a 
nuisance alga because it does not pose a threat to health directly, but can cause issues 
with water quality and shore safety when it washes onto beaches and decays (Wisconsin 
Department of Natural Resources, 2013). Not only can the bacteria decaying the 
Cladophora pose a health concern to humans and animals, but because it is a food source 
the algae also attracts animals which can increase fecal matter concentrations in 
nearshore regions (Whitman et al, 2003). Increasing instances of beach closures due to 
the presence of Escherichia coli (commonly known as E. coli) have been recently linked 
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to the presence of decaying Cladophora instead of wastewater (Whitman et al, 2003) 
leading researchers to evaluate needed changes to keep beaches safe for human use and 
local ecosystems. 
Although Cladophora is naturally occurring within the Great Lakes, reductions of 
phosphorus loading caused mass blooms to become less frequent during the 1980s and 
1990s. In recent years, however, a resurgence of blooms has been recorded throughout 
the lake, and although research continues into specific causes the increase in blooms has 
been linked to increases in total phosphorus (TP) loading (Bootsma & Janssen, 2014).  
1.2.1 Green Bay (Lake Michigan) Cladophora Blooms 
In Green Bay massive dead zones form every summer. The bay receives one third of the 
total nutrient input to Lake Michigan, but accounts for only 1.4% of the total lake volume 
(Egan, 2014; NOAA, 2014). High phosphorus loads cause Cladophora blooms 
throughout the nearshore zone, depleting the oxygen, and causing the Green Bay Dead 
Zone (Egan, 2014). Additional concerns arise for human health when the Cladophora 
dies, washes to shore, decays on the beach, and provides a breeding ground for toxic 
bacteria (Wisconsin Department of Natural Resources, 2013). The issue can also become 
pronounced when snow melt and storms (episodic events) increase total phosphorus loads 
in runoff during springtime (Egan, 2014). 
1.2.2 Sleeping Bear Dunes (Lake Michigan) Avian Botulism 
Another concern with growing Cladophora blooms is the spread of botulism within the 
algae (Wisconsin Department of Natural Resources, 2013). On the shores of Sleeping 
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Bear Dunes National Lakeshore, Cladophora commonly washes ashore during the 
summer and early fall after growing in giant tufts on hard substrate newly formed by the 
invasion of quagga mussels (Bienkowski, 2014). The invasive mussels not only provide 
an ideal surface on which to grow, but also increase light penetration through the water 
column and excrete soluble phosphorus (a highly biologically available nutrient) which 
encourages further algal growth (Bootsma & Janssen, 2014). The algae form an optimal 
growing environment for botulism, a toxic bacterium (Bienkowski, 2014). 
After botulism is introduced into the food web, it can cause massive fish and bird kills. 
The first recent botulism related bird kill recorded at Sleeping Bear Dunes occurred in 
2006, and since then more than 4,300 birds have died from ingesting avian botulism 
(Bienkowski, 2014; Goodrich, 2012). Although the exact route through the food chain is 
still uncertain, confidence that the botulism originated within the Cladophora blooms is 
high (Bienkowski, 2014). Although many factors, such as warmer water temperatures and 
the introduction of invasive species, influence the growth of Cladophora, a key factor is 
the introduction of excess nutrients into the nearshore regions. Controlling nearshore 
nutrient concentrations is, therefore, imperative to stemming the detrimental algal blooms 
(Bienkowski, 2014; Goodrich, 2012).  However, developing effective preventative 
measures requires information about the timing of nutrient loads within tributaries and 
how tributary water is incorporated into the lake’s nearshore region. Currently, studies 
have addressed the seasonality of nutrient delivery (Santschi, 1995; Pionke, 1999), but 
limited work on the episodicity of nutrient loads has been conducted within Lake 
Michigan. 
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1.3 Ecosystem Health in the Nearshore Region 
Assessing the effect of nutrient loads in the Great Lakes is an extremely complex and 
multifaceted problem. The singular cause of issues such as HABs and Cladophora 
blooms has yet to be determined, but the introduction of excess nutrients from land 
management practices, the invasion of quagga mussels, and the shifts in precipitation and 
temperature patterns have all been identified as main contributors. With chronic water 
quality concerns within Lake Erie, understanding the contributing factors becomes 
increasingly important.   
When assessing lake nutrient loads, drastic differences are seen between the nearshore 
and offshore ecosystems. Changing ecosystem dynamics in the nearshore have caused 
situations with nutrient deficits in the deeper, offshore water (Hecky et al, 2004). 
Dreissenid mussels greatly affected nearshore ecosystems through the creation of a 
nearshore nutrient shunt (Hecky et al, 2004).  Instead of nutrients mixing freely through 
the entire lake, the nearshore shunt traps bioavailable nutrients in the warmer, shallower 
waters leading to increased primary production (Joosse & Baker, 2010). This disruption 
and imbalance of nutrient distribution causes a need for increased understanding of 
nutrient dynamics in the nearshore systems especially around tributary mouths and river 
plumes where the majority of nutrients are being introduced. 
1.4 Knowledge Gaps in Nutrient Delivery and Nearshore Retention 
As discussed above, many knowledge gaps currently exist regarding nutrient loading and 
river plume dynamics in the nearshore region. First, understanding the nutrient loading 
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and hydrologic temporal trends, specifically their response to episodic events, is 
important for monitoring and management strategies. In rivers with steady, non-episodic 
loading and flow, less frequent water quality sampling will capture an accurate 
representation of water quality trends within the river. However, if nutrient loading and 
flow show strong episodicity, water quality sampling is needed during a wider range of 
flow levels in order to capture nutrient concentration variation with flow. Being able to 
predict a river’s episodic response is needed to accurately estimate total loads over any 
time period. Second, in order to predict the effect river outflow will have on the 
nearshore ecosystem, the ability to predict river plume behavior is required. Although 
substantial work has been conducted in oceanic systems, limited research has been 
conducted on Great Lakes river plumes. Understanding lake and river conditions when 
plumes have the greatest potential for affecting the nearshore region will help determine 
key periods where regulations and management practices would have the greatest impact. 
1.5 Summary of Research 
This research project seeks to directly address the above knowledge gaps related to 
nutrient delivery to the nearshore region.  The work presented has three key elements: (1) 
characterization of long-term hydrologic trends in tributary streamflow; (2) evaluation of 
episodicity of nutrient loading, particularly focusing on total phosphorus (TP), 
orthophosphate (OrthoP), total nitrogen (TN), and total suspended solids (TSS); and (3) 
the physical characterization and classification of Lake Michigan tributary river plumes. 
A summary of the project research questions, hypothesis, and motivation by chapter is 






Table 1.1 Project Research Summary: Research questions, hypothesis, and motivations for each project chapter.  
Ch. Research Question Hypothesis Motivation 
2 
How do hydrologic characteristics of 
Lake Michigan tributaries vary 
historically and in comparison to each 
other? 
Increases in precipitation frequency and 
duration found in climate change studies 
for the Midwest will translate to higher 
streamflow magnitudes and shifts in peak 
flow timing. 
Changes in hydrologic river behavior can 
greatly influence the health of receiving water 
bodies (Magnuson et al, 1997). Lake 
Michigan Basin forecast models have 
predicted rising streamflow median and peak 
flows (Cherkauer & Sinha, 2010). 
3 
How do nutrient concentrations vary 
episodically and chemostatically within 
Lake Michigan tributaries, and how does 
this impact nutrient loading? 
Total nitrogen, total phosphorus, and 
orthophosphate will behave 
chemostatically across all watersheds 
while total suspended sediment will vary 
depending on flowrate magnitude. The 
chemostatic relationships observed will 
create higher nutrient loading during 
periods of high streamflow, like spring, 
and low nutrient loads during periods of 
low streamflow, like fall. 
Understanding episodicity of nutrients 
entering Lake Michigan is important due to 
the projected increase in precipitation events 
in the near future (Cherkauer & Sinha, 2010). 
Additionally, understanding current trends 
will help dictate the need for future water 
quality sampling frequency and timing 
(Dolan & Chapra, 2008). 
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(1) How frequently do river plumes 
impact the nearshore region, and are 
there seasonal trends visible in river 
plume classification; (2) How far do river 
plumes spread horizontally within Lake 
Michigan before mixing into the lake 
water?; (3) How do river plume vertical 
structures vary throughout the year?; (4) 
How do lake and river water quality vary 
from each other temporally throughout 
the year? 
Lake Michigan river plumes will 
primarily impact the nearshore region. 
River plumes will remain surface trapped 
during warmer seasons, but will be 
negatively buoyant during the winter and 
periods of high temperature change. Lake 
water will have lower nutrient 
concentrations throughout the year 
compared to river water. 
With increased nutrient availability due to 
composition and higher concentration 
(Burkholder, 1992), river plumes cause 
higher primary productivity and bacterial 
growth when compared to less turbid 
receiving waters (Johengen et al, 2008). The 
physically characteristics (like direction, size, 
and shape) will impact how the high 
productivity affects the nearshore region 





CHAPTER 2.  HYDROLOGIC CHARACTERISTIC TRENDS WITHIN LAKE 
MICHIGAN TRIBUTARIES 
2.1 Summary 
Changes in hydrologic river behavior can greatly influence the health of receiving water 
bodies (Magnuson et al, 1997). Lake Michigan Basin forecast models have predicted 
rising median and peak streamflows before 2099 (Cherkauer & Sinha, 2010). This 
chapter evaluates historic hydrologic trends for eleven Lake Michigan tributaries for 
1920-2015. Analysis included trend assessment for annual median streamflow, annual 
peak streamflow magnitude, day of year annual peak streamflow occurred, annual R-B 
Index, annual streamflow Gini coefficient, and annual storm count.  
Trend analysis revealed that 7 out of 11 rivers experienced a significant change in annual 
median streamflow.  Three out of 11 rivers experienced significant changes in annual 
peak flow through slope and confidence interval analysis, but only Burns Ditch 
experienced a statistically significant change in annual peak flow using the Mann-
Kendall trend analysis. Only the Manitowoc River experienced a significant change in 
peak flow timing. Significant changes in annual storm event occurrence using the 75th 
streamflow percentile were found in 8 out of 11 watersheds using slope and confidence 
interval analysis, and 7 out of 11 experienced statistically significant changes in storm 
count using the Mann-Kendall analysis. Daily precipitation data analysis found
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significant increases of wet days per year in 10 out of 11 watersheds by trend line slope 
and 9 out of 11 watersheds by Mann-Kendall analysis. Further analysis of days with 
precipitation greater than 50.8mm experienced significant increases in 4 out of 11 
watersheds by trend line slope and only one watershed by Mann-Kendall analysis. No 
significant correlations were seen between changes in precipitation and changes in 
hydrologic parameters, watershed land use, or watershed size. However, significant 
positive linear trends were seen between annual parameter values and annual count of 
days with precipitation. 
The observed changes in hydrology coupled with observations from previous studies 
indicated an overall increasing pattern of median streamflow in Lake Michigan tributaries. 
These changes could adversely affect the nearshore health of Lake Michigan especially 
near river mouths. In situations with increased or constant nutrient concentrations within 
tributaries, the higher observed streamflows could lead to increased productivity and 
bacterial growth in the nearshore zone which could directly impact the health of 
shorelines and beaches. 
2.2 Introduction 
Although the size of the Great Lakes helps regulate natural fluctuations, changes to 
hydrologic trends not only impact the Great Lakes water balance (Cherkauer & Sinha, 
2010), but also have the potential to negatively affect water quality (Magnuson et al, 
1997). Water levels have shown very little fluctuation historically with the record 
minimum and maximum water level being separated by less than 2 meters (Magnuson et 
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al, 1997). However, even small changes can greatly affect the biota in the nearshore 
region. Growing patterns of plants along river mouths and lake nearshore regions can be 
greatly affected by changes in hydrologic cycles (Wilcox, 2004). Changes to water 
entering nearshore wetlands impact plant community structure by decreasing native 
plants and increasing invasive species (Ehrenfeld & Schneider, 1991). Naturally 
occurring annual variability in peak flow and low flow directly influence the type of 
plants, location of growth, and plant diversity along the shoreline (Wilcox, 2004). For 
instance, high water levels during the growing season cause species uniformity while 
greater variation encourages plant diversity (Wilcox, 2004). Also, peak flows that occur 
earlier in the growing season typically allow for more plant growth overall than later 
peaks (Wilcox, 2004). More severe winter low water levels have been shown to cause 
greater bank erosion because of ice development, which in turn results in shifted and 
decreased land availability for future plant growth cycles (Wilcox, 2004).  
In addition to affecting the nearshore biota directly, an increase in episodic events could 
also cause water quality impairment within rivers and neighboring water bodies. Changes 
in the timing and magnitude of flows can greatly disrupt the natural timing of the delivery 
of important nutrients. Nutrients like nitrogen and phosphorus are important components 
needed within aquatic ecosystems for the growth of plant life (Foy, 2005). Creating 
nutrient deficits or delivering excess nutrients can cause disruptions in the ecosystems; 
although the more common concern is the introduction of excess nutrients (Foy, 2005). 
Higher streamflow events can cause influxes of contaminated sediment within rivers 
(Whitehead et al, 2009), and cause the deposition of excess nutrients into the nearshore 
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region. Anthropogenic nutrient loading greatly influences riverine and lake ecosystems 
(Scavia et al, 2014). Events of eutrophication and hypoxia have occurred more frequently 
in recent years within the Great Lakes typically during the summer months when the 
warmer water temperatures, increased sunlight, and higher nutrient availability 
encouraged algal blooms (Scavia et al, 2014; Zhang & Rao, 2012). Although algal 
blooms are naturally occurring, ongoing research has linked many to human influence on 
the ecosystems (NOAA Center for Sponsored Coastal Ocean Research, 2006). Hypoxia 
and harmful algal blooms (HABs) can cause wide shifts in ecosystems and have been 
linked to massive species (mostly fish and bird) kills (Turner et al, 2008). Because these 
events can be so detrimental to the health of the Great Lakes, understanding the 
hydrologic behavior of Great Lakes tributaries is imperative to protecting their 
ecosystems. 
2.2.1 Influential Factors 
Existing climate change studies have predicted overall increases in streamflow for Lake 
Michigan tributaries (Cherkauer & Sinha, 2012). Before 2099 the Grand River, one of 
Lake Michigan’s largest tributaries, is estimated to experience an 8% increase in peak 
flowrates and 21% increase in mean flow with an increase in total runoff seen specifically 
in the winter and spring months (Cherkauer & Sinha, 2012). The two main factors 
affecting hydrologic response within tributaries are land use and precipitation. Changes in 
both of these factors have been seen within the past century for Lake Michigan 
watersheds and are expected to continue within the future. 
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2.2.1.1 Influence of Land Use 
Land use changes can influence the rates at which soils retain and release water, 
evapotranspiration (ET) rates, and the species and quantity of contaminants within runoff. 
Studies focused on the upper-Midwest found that land use changes from 1950-2000 
caused decreases in ET rates by as much as 15% (Mao & Cherkauer, 2009). Additionally, 
they found that changes in land use patterns caused variations in runoff, but changes were 
variable depending on the particular land use change. For example, northern portions of 
the study area including northern Wisconsin and Minnesota saw increases in the overall 
magnitude of runoff after land use patterns shifted from the natural evergreen forests to 
primarily deciduous trees. Alternatively, the southern and western portion of the study 
area including southern Minnesota and eastern Wisconsin experienced decreased surface 
runoff of about 20-30%. Land use can also change the effect precipitation has on 
streamflow (Kumar et al, 2009). Large portions of the Midwest contain subsurface 
drainage tiles which help keep agricultural field soils well-drained. These drains alter the 
timing between precipitation events and peak streamflow as well as decrease the overall 
peak flow magnitude (Kumar et al, 2009). In urban areas, large areas of impervious 
surfaces produce higher runoff rates than natural landscapes (Konrad & Booth, 2005). In 
fact, urban watersheds have been found to produce over 72% greater annual streamflow 
volume (Wahl et al, 1997).  Increases in streamflow variability and peak can cause 




Analysis conducted by Kumar et al (2012) showed that the watersheds that outlet to the 
southern half of Lake Michigan reached peak agricultural usage before 1910 and the 
northern watersheds reached peak production before 1970 (Kumar et al, 2012). 
Additionally, a land cover change report released by NOAA in 2013 stated that the 
dominant land cover change seen between 1985 and 2000 was the transition of 
agricultural land use to urban / developed land (NOAA Center for Sponsored Coastal 
Ocean Research, 2006). Land use changes were observed within 6% of the basin and 63% 
of the change resulted in a conversion to developed land use (NOAA Center for 
Sponsored Coastal Ocean Research, 2006). As discussed before, there were also 
conversions of land use from agricultural to natural / forested in Wisconsin (Mao & 
Cherkauer, 2009). These changes in land use within the Lake Michigan Basin could 
cause an overall increase in streamflow for watersheds with the increase in urban 
development; watersheds with land use conversion to forested from agricultural could see 
a decrease in stream flashiness. 
2.2.1.2 Influence of Precipitation 
Precipitation directly impacts the behavior of river streamflow (Wigley & Jones, 1985). 
Increases in storm frequency directly influence changes in streamflow activity, with a 
sensitivity analysis by Mishra et al (2010) indicating a 36% increase in streamflow for a 
20% increase in precipitation using land use and hydrologic records from 1994-2007 
(Mishra et al, 2010). From 1900 to 2012, a general increase in precipitation of 
approximately 15% was seen in the region around Lake Michigan, mostly attributed to a 
higher frequency of storms (Andresen et al, 2012; Angel & Huff, 1997). Current climate 
18 
 
change models indicate that the frequency, intensity, and duration of precipitation events 
will change before 2099 (Wuebbles & Hayhoe, 2003). As storm intensity increases, the 
overall runoff into streams also increases (Mohamadi & Kavian, 2015). Higher runoff 
rates lead to increased streamflow values within tributaries while periods of droughts can 
cause low river water levels and low streamflows (Chang, 1990).  
2.2.2 Existing Hydrologic Trend Knowledge 
Although information is known about changes in historic precipitation, future predicted 
streamflow, and future predicted precipitation, no study has looked at the historic 
hydrologic changes observed within Lake Michigan. Studies outside of the Lake 
Michigan Basin indicated significant shifts in hydrologic behavior. Annual peak 
streamflow within Canadian rivers significantly decreased from the 1950s to the 1990s, 
and no significant change in annual mean flow was observed (Burn & Elnur, 2002; Yue 
& Wang, 2002). However, patterns of seasonal and spatial variation were evident (Burn 
& Elnur, 2002; Yue & Wang, 2002). Within the Great Lakes Basin, tributaries behaved 
temporally in distinct spatial groupings (Johnston & Shmagin, 2008).  During 1956-1988 
portions of Wisconsin and Michigan exhibited decreased annual mean streamflow while 
New York and Ohio had increases in discharge only during the fall season (Johnston & 
Shmagin, 2008). Looking at variation of distribution, many Midwestern streams 
increased in flashiness as measured by the Richards-Baker (R-B) Index from 1975 
through 2001 (Baker et al, 2004). The increase in flashiness was particularly found to 
coincide with urbanized areas while decreases were seen in areas where water 
conservation practices had been implemented within the region in an effort to increase 
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natural baseflow. Distinct spatial patterns were seen across the studied ecoregions (Baker 
et al, 2004). 
Existing climate change models predicted future Lake Michigan tributary hydrologic 
changes (Cherkauer & Sinha, 2010), future changes in precipitation patterns (Christensen 
et al, 2007), and future land use changes (Pijanowski et al, 2002; Tang, 2005). 
Additionally, previous research studied historic changes in precipitation patterns in the 
Lake Michigan Basin (Angel & Huff, 1997), but limited analysis was conducted on the 
historic hydrologic changes. This project aims to assess recent changes in hydrologic 
behaviors for Lake Michigan tributaries and assess the relationship between observed 
changes in streamflow with land use patterns and changes in precipitation. 
2.3 Research Question and Hypothesis 
Research Question: How do hydrologic characteristics of Lake Michigan tributaries vary 
historically and in comparison to each other? 
Hypothesis: Increases in precipitation frequency and duration found in climate change 
studies for the Midwest will translate to higher streamflow magnitudes and shifts in peak 
flow timing.  
2.4 Methodology 
In order to assess the hydrologic behavior of the study rivers, analysis focused on 
determining the variation of discharge distribution and variation in high flows. Table 2.1 
shows a summary of the completed calculations and what hydrologic aspect they 
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characterize. In depth methodology descriptions are located in the following 
methodology sections. 
Table 2.1 Summary of calculated streamflow metrics and the hydrologic characteristics 
measured by each 
Streamflow Metric Description 
Annual Peak Flow Timing Measures Variation in High Flow 
Annual Peak Flow Magnitude Measures Variation in High Flow 
Annual Median Flow Measures Variation in Discharge Distribution 
Annual R-B Index Measures Variation in Discharge Distribution (Flashiness) 
Annual Gini Coefficient Measures Variation in Discharge Distribution (Episodicity) 
Annual Storm Count Measures Variation in High Flow 
 
Indices for monitoring changes in river behavior are used frequently and are common 
when assessing the effectiveness of stream restoration efforts or determining riverine 
stability. Indices allow for the monitoring of temporal trends in streamflow behavior by 
quantifying various parameters such as rate of peak flow occurrence, frequency of low 
flow events, and variability of streamflow (flashiness) (Baker et al, 2004).  
2.4.1 Study Areas 
For this project, eleven Lake Michigan tributary watersheds were selected based on the 
availability of daily streamflow and to coincide with water quality sampling used in 
Chapter 3.  The sampling station numbers, river names, station state, years with 




Table 2.2 Lake Michigan USGS Water Quality Sampling Sites: Sites were selected due to 
availability of high frequency of data available. 
Site Number River Name State Years with Flow Data Number of Years 
04067500 Menominee River WI 1953-2015 62 
04059500 Ford River WI 1954-2015 61 
040851385 Fox River WI 1988-2015 27 
04085427 Manitowoc River WI 1973-2015 42 
04087170 Milwaukee River WI 1920-2015 95 
04092750 Indiana Harbor Canal IN 1991-2015 24 
04095090 Burns Ditch IN 1943-2015 72 
04101500 St. Joseph River MI 1936-2015 79 
04108660 Kalamazoo River MI 1931-2015 84 
04119400 Grand River MI 1930-2015 85 
04121970 Muskegon River MI 1996-2015 20 
 
The tributary watershed size, land use, and location along Lake Michigan varied greatly 
with four rivers located primarily within Michigan, five located in Wisconsin, and two 
located in Indiana. A map containing the watershed delineations for all study areas is 





Figure 2.1 Hydrology Study Area Locations: Research focused on eleven Lake Michigan 
Tributaries. USGS gage locations are marked with a circle for a flow gage and a triangle 
for water quality sampling locations. Watershed delineations were provided by the 
Watershed Boundary Dataset (WBD). Indiana Harbor and Burns Ditch watershed 
boundaries are from the USGS HUC 10 dataset because of their small size, while all 
other watersheds are HUC 8. 
 
Watershed land use and size are listed in Table 2.3. Indiana Harbor contained the most 
developed land use with 81%, St. Joseph and Grand have the highest percentage 
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agricultural land use with 48% and 47%, respectively, and Ford and Manitowoc have the 
highest natural and water land use with 54%. 
 
Table 2.3 Study Watershed Land Use and Size: Land Use was calculated using the 
Watershed Boundary Dataset and National Land Cover Dataset (NLCD) 2006. When 
land use percent totals do not equal 100, it is due to rounding variations. 
 
Watershed Land Use [%] Total 
[km2] River Name Agriculture Developed Natural & Water 
Indiana Harbor 0.3 81 19 123 
Ford River 28 18 54 208 
Burns Ditch 28 42 30 466 
Manitowoc 21 25 54 497 
Menominee 28 21 50 1241 
Kalamazoo 20 57 23 1277 
Milwaukee 7 47 45 1417 
St. Joseph 48 12 40 1472 
Muskegon 9 40 50 1512 
Grand 47 13 39 1630 
Fox 29 6 64 2006 
 
2.4.2 Variation in High Flow 
Annual peak streamflow timing, annual peak flow magnitude, and an annual storm count 
were calculated for each study river in order to assess changes in the high flow. Years 
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were demarcated by the calendar year. To assess whether changes in each parameter were 
significant, two tests were utilized. The first test was the Mann-Kendall non-parametric 
trend test (α=0.05). This test assesses whether there was a statistically significant trend 
within the data set, and does not rely on data being normally distributed or having even 
temporal spacing between data. The null hypothesis for this test was that there was no 
significant trend (no change) over time, so rejecting the null hypothesis indicated a 
significant change. A limitation for the Mann-Kendall test was that the results are 
dependent on the amount of data available. Data sets without adequate data points 
available could have produced a false non-significant trend result. In situations where 
data gaps existed, the amount of missing data should remain less than 1/3 of the total data 
available (Helsel & Hirsch, 1992). For example, if a river had data spanning 1955-2015, a 
data gap should not have been larger than 20 years. The second test was a linear trend 
line fit to each time series, and then the 95% confidence interval (α=0.05) was calculated 
for each slope to determine if the slope was significantly different from 0. Specific 
information regarding the calculation of each hydrologic parameter can be found below. 
2.4.2.1 Peak Flow Timing 
For each year of record, the day of year (DOY) peak flow occurred was calculated for 




2.4.2.2 Peak Flow Magnitude 
Annual peak streamflow magnitude was calculated for each river during years with 
available USGS streamflow data. Peak streamflow was selected in order to assess the 
overall change in magnitude of peak flow events within watersheds. 
2.4.2.3 Storm Count 
In order to assess changes in high flow event frequency, an annual storm count was 
completed for each river. The occurrence of storm events was determined by counting the 
number of hydrograph peaks that exceeded a specified streamflow threshold. Three 
flowrate threshold values were selected: 75th percentile, 85th percentile, and 95th 
percentile flows. These three thresholds were used in order to minimize the effect of 
threshold selection on results.  
2.4.3 Trends and Variations in Temporal Distributions 
To assess changes in the discharge distribution, annual median flow rate, annual Gini 
coefficients, and annual R-B Index were calculated for each study river. Years were 
demarcated by the calendar year. To assess whether changes in each parameter were 
significant, the Mann-Kendall trend analysis and trend line slope with the 95% 
confidence interval were assessed. Details of this procedure are outlined in Section 2.4.2. 
2.4.3.1 R-B Index 
The Richards-Baker Flashiness Index (R-B Index) is a measure of the change in flow 
relative to the total flow: 
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where Q is streamflow. The R-B Index is a measurement of the total path length of a 
hydrograph normalized by the total flow experienced during the same time period. 
Typically the R-B Index is calculated on an annual basis to track long term variations in 
stream response. However, it can be applied to many desired time lengths. The R-B Index 
measures stream flashiness by summing changes between data points (in most cases at a 
daily time step), so a higher R-B Index means a flashier river, and a lower index number 
equates to a constant, steady streamflow. Studies using the R-B Index found high 
variability between different watersheds even when watersheds were in close proximity. 
Also, past climate change studies showed overall increasing R-B indexes for modeled 
future scenarios indicating a need to monitor annual variability (Cherkauer & Sinha, 
2010; Baker et al, 2004). 
For the purpose of this study, the R-B Index was used to quantify potential intra-annual 
rates of change in streamflow rates for the monitored rivers listed in Tables 2.2-2.3. The 
index was calculated for all possible years where daily discharge values were available 
from the USGS. The index was used to monitor trends in streamflow flashiness 
throughout all years with available streamflow data. 
2.4.3.2 Lorenz Curves and Gini Coefficients 
In order to assess the temporal distribution, Lorenz curves and Gini coefficients, G, were 
used. Lorenz curves are typically used to visually depict the distribution of wealth within 
a population (Kakwani, 1977), but can be used to provide a quantitative and visual 
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representation of a river system’s flow volume distribution (Gall et al, 2012). By plotting 
the fraction of flow volume delivered versus the fraction of time, assessing a river’s 
response to episodic events becomes possible. A river with steady flowrate that is 
minimally affected by storm events will produce a Lorenz curve close to the line of 
equality- a line between (0,0) and (1,1). Flashy rivers with highly variable systems will 
alternatively create a flow Lorenz curve that bows away from the line of equality towards 
the line of inequality- line created by the bottom x-axis and right y-axis. An example 
Lorenz curve can be seen in Figure 2.2. 
 
Figure 2.2 Example Lorenz Curve: Lines closer to the “Line of Equality” denote a more 




The Gini coefficient serves as a quantitative measure of streamflow volume distribution 
inequality and is defined as one minus twice the area under the Lorenz curve (Kakwani, 
1977) or, alternatively, the area between the line of equality and Lorenz curve divided by 
the entire area under the line of equality. Gini coefficient values range from 0 to 1 with 0 
indicating a perfectly equal distribution of volume with respect to time and a value of 1 
indicating a perfectly unequal distribution. Translated to hydraulic terminology, as the 
Gini coefficients approach 0, the load delivery of the constituent becomes more 
temporally even. This relationship subsequently states that as the Gini coefficient 
approaches 1, the more episodic (storm driven) streamflow becomes. For this study, Gini 
coefficients were calculated on an annual basis for each river listed in Tables 2.2-2.3. The 
annual Gini coefficients were used to determine whether measurable changes in flow 
delivery timing are visible over long periods of time. 
2.4.4 Influencing Factors 
Correlations between hydrologic parameter trends and influencing factors were assessed 
through General Linear Model (GLM) analysis (α=0.05). Six GLMs were run using each 
observed change in hydrologic parameter for all watersheds (for example: slope of annual 
median flow in m3/s/year with one data point for each watershed) as the dependent 
variable. Change in annual precipitation count, percent managed land use, watershed area, 
latitude, and longitude were the independent variables. A summary of the hypothesis and 
predictions for each GLM is located in Table 2.4. Normality of error and homogeneity of 
variance assumptions were verified using the residuals versus expected values plot and 
normal probability plot of the residuals, respectively. Additionally, each trend line slope 
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and 95% confidence interval was calculated for each iteration of dependent variable 
(change in hydrologic parameter) and each independent variable (influencing factor). 
Precipitation changes and percent land use were determined using the methodologies 
indicated below. Lastly, regression was performed between each annual hydrologic 







Table 2.4 General Linear Model Hypothesis and Predictions: Overall hypothesis was the same for each GLM ran and only the 
hydrologic parameter changed, so the hypothesis was generalized for all GLMs. Predictions for each independent/ dependent 




























An increase in 
precipitation event 
change will not 
influence the peak 
flow timing. 
Percent managed 
land use will not 
influence the peak 
flow timing. 
Watershed size 
will not influence 
the peak flow 
timing. 
Latitude will not 
influence the peak 
flow timing. 
Longitude will not 




Higher change in 
annual precipitation 
will cause a higher 
peak flow magnitude 
change. 
Watersheds with a 
higher managed land 
use will have a 
higher peak flow 
magnitude change. 
Watershed size 




Higher latitude will 




will cause a lower 




Higher change in 
annual precipitation 
will cause a higher 
median flow change. 
Higher managed 
land use will cause a 
higher median flow 
change. 
Watershed size 
will not impact 
median flow 
change. 
Higher latitude will 




will cause a lower 
median flow change. 
R-B Index 
Higher change in 
annual precipitation 
will cause a lower R-
B Index change. 
Higher managed 
land use will cause a 
higher R-B Index 
change. 
Lower watershed 
size will correlate 
with a higher R-B 
Index change. 
Latitude will not 
impact R-B Index 
change. 
Longitude will not 
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size will correlate 
with a higher 
Gini Coefficient 
change. 
Latitude will not 
impact Gini 
Coefficient change. 





Higher change in 
annual precipitation 
will cause a higher 
storm count change. 
Higher managed 
land use will cause a 
higher storm count 
change. 
Lower watershed 
size will correlate 
with a higher 
storm count 
change. 
Higher latitude will 
cause a lower storm 
count change. 
Higher longitude 
will cause a lower 









Daily precipitation data were collected from all measurement stations within each study 
watershed from the NOAA National Climate Data Center (NCDC) online portal. The 
number of stations with data available within each watershed varied substantially on a 
day to day basis, so more in depth, and possibly more accurate, total watershed daily 
precipitation calculations, like using the Theissen polygon method, were not practical 
because new polygon maps would be required for each variation in data availability 
(Chow et al, 1988). For example the Burns Ditch watershed had six stations that collected 
data for the study period of 1950-2015. The first station collected data from April 29th, 
2007 to November 7th, 2007 and then collected another data point on April 16th, 2008. A 
second station collected from September 9th, 2006 to November 20th, 2006 and then 
resumed sampling for January 1st, 2008 through February 1st, 2008. Similar interrupted 
sampling occurred at three other stations, and only one station contained continuously 
collected daily precipitation data throughout the entire study period. To accommodate the 
variable data available, an arithmetic mean was calculated across all available daily data 
within each watershed following methodologies outlined by Chow et al (1988). This 
daily mean precipitation dataset was then used to assess whether changes in precipitation 
patterns were visible over the time period.  
Three methods were employed to determine precipitation event occurrence. First an 
overall count of wet days (days with precipitation) per year was calculated. Within 
further sections, this parameter will be referred to as annual wet days. Second, days with 
high precipitation defined as greater than 50.8 mm (2 in) were counted per year following 
methodologies outlined by Angel et al (1997), and this parameter will be referred to as 
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annual high precipitation days in subsequent sections. Third, a count of wet days per 
month was calculated. 
The NLCD 2006 dataset was used to determine current land use within each watershed. 
In order to simplify analysis, land use classifications were reclassified to fall under four 
broader categories: natural, agricultural, developed, and water. Within the GLM analysis 
percent managed land use was calculated in order to summarize percent agricultural and 
percent developed together within one parameter. Because of the limitation of historic 
land use data sets available during the study time period for the study areas, percent 
change will not be calculated within the scope of this project. Instead results from 
previous studies will be used for discussion purposes. 
2.5 Results 
A summary of all hydrologic parameter results from this study is located in Table 2.5, a 
summary of all precipitation results is located in Table 2.6, and a summary of all GLM 
analysis results is in Table 2.7. Changes in hydrologic parameters and precipitation are 
listed first as slope trend line with the 95% confidence interval and then the Mann-
Kendall trend analysis results. The null hypothesis for this test was that there was no 
significant trend (no change) over time, so rejecting the null hypothesis indicated a 
significant change. The p-value for the each test is reported, and tests with significant 






Table 2.5 Summary of Hydrologic Statistical Results: Statistical significance was calculated for each parameter using the trend 
line slope with a 95% confidence and the Mann-Kendall Trend Test. Both of these analysis used α=0.05. Results are reported as 
follows reading columns left to right: Tpeak is the day of year which peak flow occurred; Qpeak is the annual peak flowrate reported 
first as [m3/s/year] and then [m3/s/year] normalized by the total peak flowrate for each tributary creating [%/year]; Qmedian is the 
annual median flowrate reported first as [m3/s/year] and then [m3/s/year] normalized by the total median flowrate for each tributary 
creating [%/year]; RB-Index is the annual RB-Index flashiness parameter; G is the annual Gini coefficient; Storm Count is the 
annual count of storms occurring within the annual hydrograph calculated by the 75th, 85th, and 95th percentile flowrate. 
Underlined values are instances when the slope of the trend line is significantly different from 0.  
Burns Ditch (n = 72 years) 
  
Tpeak 
Qpeak Qmedian RB- Index G Storm Count 
m3/s % m3/s % 75th 85th 95th 
Trend 
Line 
Slope 0.63 1.3 0.35% 0.2 3.47% -9.75E-04 -5.11E-03 0.69 0.34 0.14 




Value 0.38 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Ford River (n = 61 years) 
  
Tpeak 
Qpeak Qmedian RB- Index G Storm Count 
m3/s % m3/s % 75th 85th 95th 
Trend 
Line 
Slope -0.3 -0.2 -0.10% -0.02 -0.40% 3.17E-05 1.99E-04 -0.03 -0.03 -0.02 











Table 2.5 Continued 
Fox River (n = 27 years) 
  
Tpeak 
Qpeak Qmedian RB- Index G Storm Count 
m3/s % m3/s % 75th 85th 95th 
Trend 
Line 
Slope -1.35 1.96 0.20% -0.29 -0.27% -1.31E-03 2.18E-03 -0.01 0.06 0.11 




Value 0.29 0.39 0.91 0.21 0.16 0.98 0.64 0.30 
Grand River (n = 85 years) 
  
Tpeak 
Qpeak Qmedian RB- Index G Storm Count 
m3/s % m3/s % 75th 85th 95th 
Trend 
Line 
Slope 0.22 0.52 0.04% 0.58 0.77% -1.95E-04 -5.13E-04 0.1 0.06 0.01 
















Table 2.5 Continued 
Indiana Harbor Canal (n = 24 years) 
  
Tpeak 
Qpeak Qmedian RB- Index G Storm Count 
m3/s % m3/s % 75th 85th 95th 
Trend 
Line 
Slope 2.47 -0.44 -0.60% -0.23 -1.48% 1.79E-04 6.36E-03 -1.49 -1.26 -0.39 




Value 0.40 0.39 <0.01 0.66 0.11 <0.01 0.02 0.27 
Kalamazoo River  (n = 84 years) 
  
Tpeak 
Qpeak Qmedian RB- Index G Storm Count 
m3/s % m3/s % 75th 85th 95th 
Trend 
Line 
Slope -0.05 0.31 0.08% 0.24 0.58% -1.96E-04 -1.20E-03 0.17 0.11 0.05 















Table 2.5 Continued 
Manitowoc River (n = 42 years) 
  
Tpeak 
Qpeak Qmedian RB- Index G Storm Count 
m3/s % m3/s % 75th 85th 95th 
Trend 
Line 
Slope 1.78 -0.29 -0.13% 0.01 0.22% -1.15E-04 -8.21E-04 -0.01 -0.03 -0.03 




Value <0.01 0.96 0.36 0.69 0.68 0.75 0.73 0.92 
Menominee River (n = 62 years) 
  
Tpeak 
Qpeak Qmedian RB- Index G Storm Count 
m3/s % m3/s % 75th 85th 95th 
Trend 
Line 
Slope -0.03 -1.71 -0.19% -0.23 -0.34% -2.58E-04 3.75E-04 -0.13 -0.08 -0.02 
















Table 2.5 Continued 
Milwaukee River (n = 95 years) 
  
Tpeak 
Qpeak Qmedian RB- Index G Storm Count 
m3/s % m3/s % 75th 85th 95th 
Trend 
Line 
Slope 0.16 -0.25 -0.06% 0.06 0.94% -1.02E-03 -1.65E-03 0.09 0.06 0.01 




Value 0.07 0.63 <0.01 <0.01 <0.01 <0.01 <0.01 0.14 
Muskegon River (n = 20 years) 
  
Tpeak 
Qpeak Qmedian RB- Index G Storm Count 
m3/s % m3/s % 75th 85th 95th 
Trend 
Line 
Slope -1.56 6.51 1.50% 0.33 0.67% 1.64E-03 1.68E-03 0.34 0.26 0.19 
















Table 2.5 Continued 
St. Joseph River (n = 79 years) 
  
Tpeak 
Qpeak Qmedian RB- Index G Storm Count 
m3/s % m3/s % 75th 85th 95th 
Trend 
Line 
Slope 0.08 0.91 0.16% 0.35 0.41% -6.13E-04 -2.93E-04 0.11 0.06 0.02 
± CI 0.72 0.77 0.14% 0.17 0.20% 9.00E-05 3.99E-04 0.07 0.05 0.03 
Mann- 
Kendall p-Value 0.83 0.06 <0.01 <0.01 0.11 <0.01 0.03 0.37 
 
Table 2.6 Summary of Precipitation Statistical Results: Statistical significance was calculated for each parameter using the trend 
line slope with a 95% confidence and the Mann-Kendall Trend Test. Both of these analysis used α=0.05. Results are reported as 
follows reading columns left to right: Annual Count All is the total number of wet days per year; Annual Count >50.8 mm is the 
number of wet days per year with precipitation greater than 50.8 mm; and Monthly Count is the total number of wet days per 
month separated for each month. Underlined values are instances when the slope of the trend line is significantly different from 0. 
Burns Ditch (n = 72 years) 
  
Annual Count Monthly Count 
All >50.8 mm 1 2 3 4 5 6 7 8 9 10 11 12 
Trend Line 
Slope 0.34 0.01 0.03 0.03 0.00 0.03 0.02 0.04 0.03 0.02 0.02 0.05 0.02 0.05 
± CI 0.19 0.01 0.02 0.02 0.03 0.03 0.03 0.03 0.02 0.03 0.03 0.03 0.02 0.03 
Mann- 








Table 2.6 Continued 
Ford River (n = 61 years) 
  
Annual Count Monthly Count 
All >50.8 mm 1 2 3 4 5 6 7 8 9 10 11 12 
Trend 
Line 
Slope 0.34 0.00 0.04 0.02 0.01 0.03 0.04 0.00 0.04 0.03 0.01 0.06 0.01 0.04 
± CI 0.25 0.01 0.03 0.03 0.04 0.03 0.03 0.04 0.03 0.04 0.03 0.03 0.04 0.04 
Mann- 
Kendall p-Value >0.01 0.93 0.04 0.24 0.24 0.11 0.03 0.92 0.05 0.30 0.63 >0.01 0.64 0.04 
Fox River (n = 27 years) 
  
Annual Count Monthly Count 
All >50.8 mm 1 2 3 4 5 6 7 8 9 10 11 12 
Trend 
Line 
Slope 0.58 0.00 0.04 0.04 0.02 0.06 0.06 0.02 0.03 0.05 0.03 0.09 0.06 0.07 
± CI 0.09 0.00 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.03 0.02 
Mann- 











Table 2.6 Continued 
Grand River (n = 85 years) 
  
Annual Count Monthly Count 
All >50.8 mm 1 2 3 4 5 6 7 8 9 10 11 12 
Trend 
Line 
Slope 0.16 0.01 0.03 0.00 -0.03 0.00 -0.01 0.01 0.04 0.03 0.00 0.04 0.02 0.03 
± CI 0.10 0.00 0.03 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.03 0.02 0.02 
Mann- 
Kendall p-Value 0.07 >0.01 0.05 0.96 0.02 0.83 0.85 0.86 >0.01 0.02 0.77 0.01 0.16 0.04 
Indiana Harbor Canal (n = 24 years) 
  
Annual Count Monthly Count 
All >50.8 mm 1 2 3 4 5 6 7 8 9 10 11 12 
Trend 
Line 
Slope 0.01 0.02 -0.01 0.00 -0.03 -0.01 0.00 0.03 0.00 -0.01 -0.01 0.03 -0.02 0.04 
± CI 0.17 0.01 0.03 0.02 0.03 0.03 0.04 0.03 0.02 0.03 0.03 0.03 0.03 0.03 
Mann- 










Table 2.6 Continued 
Kalamazoo River  (n = 84 years) 
  
Annual Count Monthly Count 
All >50.8 mm 1 2 3 4 5 6 7 8 9 10 11 12 
Trend 
Line 
Slope 0.72 0.00 0.06 0.03 0.02 0.05 0.08 0.04 0.08 0.09 0.06 0.10 0.05 0.07 
± CI 0.11 0.00 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.03 0.03 0.02 0.02 
Mann- 
Kendall p-Value >0.01 0.64 >0.01 0.03 0.16 >0.01 >0.01 0.00 >0.01 >0.01 >0.01 >0.01 >0.01 >0.01 
Manitowoc River (n = 42 years) 
  
Annual Count Monthly Count 
All >50.8 mm 1 2 3 4 5 6 7 8 9 10 11 12 
Trend 
Line 
Slope 0.45 0.00 0.03 0.02 0.00 0.05 0.04 0.01 0.04 0.08 0.04 0.07 0.04 0.04 
± CI 0.12 0.00 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.03 0.03 0.03 
Mann- 











Table 2.6 Continued 
Menominee River (n = 62 years) 
  
Annual Count Monthly Count 
All >50.8 mm 1 2 3 4 5 6 7 8 9 10 11 12 
Trend 
Line 
Slope 0.59 0.00 0.03 0.01 0.02 0.07 0.07 0.05 0.06 0.08 0.06 0.09 0.03 0.04 
± CI 0.09 0.00 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
Mann- 
Kendall p-Value >0.01 0.90 0.03 0.26 0.38 >0.01 >0.01 >0.01 >0.01 >0.01 >0.01 >0.01 0.02 0.04 
Milwaukee River (n = 95 years) 
  
Annual Count Monthly Count 
All >50.8 mm 1 2 3 4 5 6 7 8 9 10 11 12 
Trend 
Line 
Slope 1.34 0.00 0.11 0.10 0.08 0.12 0.12 0.11 0.12 0.13 0.09 0.13 0.11 0.11 
± CI 0.11 0.00 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.03 0.03 0.02 0.02 
Mann- 











Table 2.6 Continued 
Muskegon River (n = 20 years) 
  
Annual Count Monthly Count 
All >50.8 mm 1 2 3 4 5 6 7 8 9 10 11 12 
Trend 
Line 
Slope 0.76 0.00 0.08 0.06 0.02 0.06 0.06 0.05 0.08 0.08 0.04 0.10 0.05 0.07 
± CI 0.09 0.00 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
Mann- 
Kendall p-Value >0.01 0.86 >0.01 >0.01 0.14 >0.01 >0.01 >0.01 >0.01 >0.01 >0.01 >0.01 >0.01 >0.01 
St. Joseph River (n = 79 years) 
  
Annual Count Monthly Count 
All >50.8 mm 1 2 3 4 5 6 7 8 9 10 11 12 
Trend 
Line 
Slope 0.82 0.00 0.09 0.06 0.04 0.05 0.06 0.04 0.08 0.10 0.06 0.09 0.06 0.08 
± CI 0.09 0.00 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.03 0.03 0.02 0.02 
Mann- 




Table 2.7   Summary of GLM Analysis Results: Six GLMs were run with each dependent 















F1,3 0.47 0.36 1.37 0.47 2.28 
p 0.53 0.57 0.29 0.53 0.19 
Peak Flow 
Magnitude 
F1,3 0.01 4.60 0.28 3.02 5.65 
p 0.93 0.08 0.62 0.14 0.06 
Median 
Flow 
F1,3 0.17 0.78 1.40 0.13 11.00 
p 0.70 0.42 0.29 0.73 0.02 
RB-Index F1,3 
0.03 0.21 1.68 0.13 6.94 
p 0.86 0.67 0.25 0.74 0.05 
Gini 
Coefficient 
F1,3 0.73 0.08 0.24 0.08 0.15 
p 0.43 0.79 0.65 0.79 0.71 
75th Storm 
Count 
F1,3 0.79 0.88 0.10 0.21 1.46 
p 0.41 0.39 0.76 0.67 0.28 
85th Storm 
Count 
F1,3 1.00 0.97 0.01 0.08 1.71 
p 0.36 0.37 0.91 0.79 0.25 
95th Storm 
Count 
F1,3 0.62 1.62 0.01 0.28 2.00 
p 0.47 0.26 0.93 0.62 0.22 
 
2.5.1 Hydrologic Overview 
Median annual hydrographs were calculated by taking the daily median flowrate using all 
available streamflow data, and the hydrographs are presented in Figure 2.3. The lowest 
median river flows were seen in Burns Ditch. Highest annual median flows were seen in 
the Fox River. Burns Ditch and Indiana Harbor showed the least amount of seasonal 
variability with streamflow and hydrographs lacked the characteristic seasonal rise during 
the spring and seasonal low during the summer that is typically expected of Midwestern 
tributaries. This lack of annual variation observed can most likely be attributed to the 







Figure 2.3 Annual Median Hydrographs: Median daily flow was calculated using all available streamflow data from the USGS for 
each study river. Note: All hydrographs are not scaled on the same y-axis limits. 
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2.5.2 Hydrologic Trends 
2.5.2.1 Annual Peak Flowrate Timing 
Of the eleven study rivers, only Manitowoc River experienced a statistically significant 
shift in the timing of annual peak flow delivery. Plots of the day of year peak flow 
occurred versus year for all rivers are located in Figure 2.4 and a summary of statistical 
test results are located in Table 2.5. The results from the GLM analysis (Table 2.7) 
produced no significant trends with change in peak flow timing and change in annual wet 







Figure 2.4 Annual Peak Flow Timing: Day of year peak flow occurred on annually. Rivers with significant Mann-Kendall trends 
are indicated with a star in the upper right-hand corner. 
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Because unequal temporal scales could influence visible trends between river behavior, 
trends were assessed in divided temporal periods in addition to trend analysis over the 
entire available data set. The temporally subdivided trends are shown in Figure 2.5. 
 
 
Figure 2.5 Peak Flow Timing Temporal Trend Summary Maps: Temporal trends were 
calculated for each river for 1930-1949, 1950-1969, 1970-1989, 1990-2009, 1996-2015, 
and all data years (for description of data years for each river see Table 2.4). Significant 
positive trends are denoted with a solid blue upward arrow, non-significant positive 
trends are marked with a hollow blue upward arrow, a significant negative trend is 
marked with a solid red downward arrow, and a non-significant negative trend is denoted 




During 1930-1949 a non-significant trend was seen across all rivers with streamflow data. 
During 1950-1969 the trends for the Grand, Kalamazoo, and St. Joseph Rivers (east coast) 
changed to being non-significant positive, and the Ford River had a positive non-
significant trend. Similar trends persisted into 1970-1989 although the positive trend at 
the Grand and Kalamazoo became significant, and the Milwaukee River changed to a 
non-significant positive trend. For 1990-2009 the west coast of Lake Michigan had a 
dominance of negative trends although only the Fox River had a significant trend. The 
east coast of Lake Michigan had a dominant positive trend, but none were significant. 
During 1996-2015 tributaries in the northwest quadrant of Lake Michigan showed a 
dominance of positive trends and three out of four river trends were significant. The 
southwestern and northeastern tributaries had a non-significant negative trend, and the 
southeastern tributaries had a positive trend (Burns Ditch was significant). When looking 
at all available data for each river, no geographical groupings were seen within trends. 
2.5.2.2 Annual Peak Flowrate Magnitude 
Only Burns Ditch experienced a statistically significant change in annual peak flow 
magnitude from the Mann-Kendall trend analysis (p<0.01; α=0.05). However, the 
Muskegon River, Burns Ditch, and St. Joseph River displayed a trend line a significant 
trend and all were positive. The Muskegon River had the highest change with 6.51±4.4 
m3/s/year, Burns Ditch had the second highest change with 1.3±0.42 m3/s/year, and St. 
Joseph had the least change with 0.91±0.77 m3/s/year. The slopes and confidence 
intervals were also calculated on a percent basis by normalizing each river by their 
overall peak flow. With the normalized values, Muskegon experienced the highest 
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normalized significant change with 1.5±1.02 %/year, Burns Ditch was second highest 
with 0.35±0.11 %/year, and St. Joseph had the smallest change with 0.16±0.14 %/year. 
Plots of peak flow magnitude versus year for all rivers are located in Figure 2.6 and a 
summary of trend statistics is located in Table 2.5. The GLM produced no significant 
trends (Table 2.7) between change in peak flow magnitude and change in annual wet 
days, percent managed land use, watershed size, longitude, or latitude. However, trend 
analysis of annual peak flow magnitude versus annual wet days found a significant 
positive linear relationship within Burns Ditch, Grand River, Muskegon River, and St. 
Joseph River indicating that as the number of wet days per year increased so did the peak 
flow magnitude (average slope of 2.3 m3/s/wet day). These rivers are all located on the 












Because unequal temporal scales could influence visible trends between river behavior, 
trends were assessed in divided temporal periods in addition to trend analysis over the 
entire available data set. The temporally subdivided trends are shown in Figure 2.7. 
 
 
Figure 2.7 Peak Flow Magnitude Temporal Trend Summary Maps: Temporal trends were 
calculated for each river for 1930-1949, 1950-1969, 1970-1989, 1990-2009, 1996-2015, 
and all data years (for description of data years for each river see Table 2.4). Significant 
positive trends are denoted with a solid blue upward arrow, non-significant positive 
trends are marked with a hollow blue upward arrow, a significant negative trend is 
marked with a solid red downward arrow, and a non-significant negative trend is denoted 




All watersheds (Milwaukee, Grand, St. Joseph, and Kalamazoo) had an increase in peak 
flow magnitude during 1930-1949, but the peak flow magnitude decreased for these 
watersheds during 1950-1969. During 1970-1989 the northern watersheds decreased in 
peak flow magnitude (trend significance at Ford River) while Burns Ditch and St. Joseph 
(southernmost two watersheds) increased. During 1990-2009 the east coast tributaries all 
had positive trends while no visible groupings were seen on the west coast.  Trend 
groupings were less visible during 1996-2015, although clusters of increasing trends were 
seen on the east coast between Muskegon, Grand, and Kalamazoo Rivers and on the west 
coast with Menominee, Fox, and Manitowoc Rivers. 
2.5.2.3 Annual Median Flowrate 
Burns Ditch, Grand River, Kalamazoo River, Milwaukee River, and St. Joseph River 
experienced a statistically significant increase in overall annual median flowrate. The 
Menominee River and Indiana Harbor Canal both experienced a decrease in median 
annual flowrate over their study periods. All remaining rivers experienced no significant 
change in annual median flowrate. In order to allow for across river comparison, trend 
line slopes and confidence intervals were normalized using each study rivers respective 
median flowrate. Burns Ditch experienced the greatest overall change in annual median 
flowrate with a trend line slope of 3.47±0.77 %/year. Plots of median flow versus year for 
all rivers are located in Figure 2.8 and a summary of trend statistics is located in Table 
2.5. The GLM produced no significant trends (Table 2.7) with change in annual median 
flow and change in annual wet days, percent managed land use, watershed size, or 
latitude. However, there was a significant correlation between longitude and annual 
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median flowrate (F1,5=11.0; p=0.02). Also, trend analysis of annual median flowrate 
versus annual wet days revealed a significant positive linear relationship within seven out 
of eleven tributaries indicating that as the number of wet days per year increased so did 











Because unequal temporal scales could influence visible trends between river behavior, 
trends were assessed in divided temporal periods in addition to trend analysis over the 
entire available data set. The temporally subdivided trends are shown in Figure 2.9. 
 
 
Figure 2.9 Median Flow Temporal Trend Summary Maps: Temporal trends were 
calculated for each river for 1930-1949, 1950-1969, 1970-1989, 1990-2009, 1996-2015, 
and all data years (for description of data years for each river see Table 2.4). Significant 
positive trends are denoted with a solid blue upward arrow, non-significant positive 
trends are marked with a hollow blue upward arrow, a significant negative trend is 
marked with a solid red downward arrow, and a non-significant negative trend is denoted 




Similar pattern are seen in median flow and peak flow magnitude for 1930-1949 and 
1950-1969. An interesting pattern was seen between the 1990-2009 trend analysis and the 
1996-2015. Despite overlapping in 14 years of data, the trends are almost exactly 
opposite of each other. Only Burns Ditch and Indiana Harbor canal showed consistent 
trends (significant positive and significant negative, respectively) between the study 
periods. The data analysis using all data was a combination of trends seen in the 1990-
2009 and 1996-2015 data sets. The east coast and central west coast mimicked the 1996-
2015 patterns while the northwest tributaries followed trends established in 1990-2009. 
2.5.2.4 Annual R-B Index 
Seven rivers experienced a significant change in annual RB-Index over the study years 
using all available data. A negative slope indicates rivers decreasing in flashiness while a 
positive slope indicates an increase in flashiness. The Grand River, St. Joseph River,  
Milwaukee River, Kalamazoo River, Menominee River, and Burns Ditch all experienced 
decreases, or negative, change in annual RB-Index while the Muskegon River was the 
only river to show positive change. Plots of annual RB-Index versus year for all rivers are 
located in Figure 2.10 and a summary of trend statistics is located in Table 2.5. The GLM 
analysis produced no significant trends (Table 2.7) between change in annual R-B Index 
and change in annual wet days, percent managed land use, watershed size, or latitude. 
However, there was a significant correlation between longitude and annual median 
flowrate (F1,5=6.90; p=0.04). Also, trend analysis between annual R-B Index versus 
annual wet days found a significant negative relationship within five out of eleven 
tributaries indicating that as the number of wet days per year increased the flashiness of 
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the tributaries decreased (average slope of -5.6E-4 per wet day). Only Muskegon had a 
significant positive trend which meant the flashiness of the river increased as the number 






Figure 2.10 Annual RB-Index. Rivers with significant Mann-Kendall trends are indicated with a star in the upper right-hand corner. 
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Because unequal temporal scales could influence visible trends between river behavior, 
trends were assessed in divided temporal periods in addition to trend analysis over the 
entire available data set. The temporally subdivided trends are shown in Figure 2.11. 
 
 
Figure 2.11 R-B Index Temporal Trend Summary Maps: Temporal trends were 
calculated for each river for 1930-1949, 1950-1969, 1970-1989, 1990-2009, 1996-2015, 
and all data years (for description of data years for each river see Table 2.4). Significant 
positive trends are denoted with a solid blue upward arrow, non-significant positive 
trends are marked with a hollow blue upward arrow, a significant negative trend is 
marked with a solid red downward arrow, and a non-significant negative trend is denoted 




The R-B Index trends appear to be consistent across the varying study periods except for 
the 1990-2009 period which flipped the trends seen in many of the watersheds. In 1970-
1989 all tributaries had a negative trend (decrease in river flashiness), but Milwaukee was 
the only river with a significant trend. The Muskegon River was the only study area with 
a significant increase in river flashiness. 
2.5.2.5 Annual Gini Coefficients 
Of the eleven study rivers, six saw significant changes in annual Gini coefficient values. 
A positive change in annual Gini coefficient means that the flow became less even in 
temporal distribution (more episodic) while a negative change indicates the flow 
distribution became more temporally even (less episodic). The Grand River, Milwaukee 
River, Kalamazoo River, and Burns Ditch had negative changes. The Fox River and 
Indiana Harbor Canal experienced positive changes in annual Gini coefficients using the 
trend line slope and confidence intervals, but the change was not significant using the 
Mann-Kendall trend analysis. Plots of annual Gini coefficient versus year for all rivers 
are located in Figure 2.12 and a summary of trend statistics is located in Table 2.5. The 
GLM produced no significant trends (Table 2.7) between change in annual Gini 
Coefficient and change in annual wet days, percent managed land use, watershed size, 
longitude, or latitude. Also, trend analysis of annual Gini coefficient versus annual wet 
days found a significant negative relationship within three out of eleven tributaries 
indicating that as the number of wet days per year increased the episodicity of the 
tributaries decreased (average slope of -1.4E-3 /wet day). The low number of rivers with 
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significant relationships was surprising since it is expected that changes to precipitation 











Because unequal temporal scales could influence visible trends between river behavior, 
trends were assessed in divided temporal periods in addition to trend analysis over the 
entire available data set. The temporally subdivided trends are shown in Figure 2.13. 
 
 
Figure 2.13 Gini Coefficient Temporal Trend Summary Maps: Temporal trends were 
calculated for each river for 1930-1949, 1950-1969, 1970-1989, 1990-2009, 1996-2015, 
and all data years (for description of data years for each river see Table 2.4). Significant 
positive trends are denoted with a solid blue upward arrow, non-significant positive 
trends are marked with a hollow blue upward arrow, a significant negative trend is 
marked with a solid red downward arrow, and a non-significant negative trend is denoted 




An interesting result was the dominance of significant increases in Gini coefficient during 
1990-2009. A positive trend indicates an increase in the episodic response of streamflow 
during that period, so streamflow load distribution was becoming more uneven (episodic). 
Although a grouping of negative trends was seen in the analysis using all available data 
for the southeastern tributaries (Burns Ditch north to Grand River), this clustering is not 
visible during the other time periods. 
2.5.2.6 Annual Storm Count 
Storm count was assessed on an annual basis for each river using the 75th, 85th, and 95th 
percentile streamflows as storm event thresholds. The three thresholds performed 
similarly with the most significant change shown using the 75th percentile and the least 
with the 95th percentile. The Burns Ditch, Grand River, Kalamazoo River, Milwaukee 
River, and St. Joseph River all experienced positive trends in storm count (75th 
percentile) meaning these watersheds experienced an increase in high flow events over 
the study period. The Menominee River and Indiana Harbor Canal had negative trends in 
storm count. The negative trend indicates the rivers experienced a decrease in high flow 
events exceeding the 75th percentile. Plots of the 75th percentile storm count versus year 
for all rivers are located in Figure 2.14, plots for the 85th percentile storm count versus 
year for all rivers are located in Figure 2.15, and plots for the 95th percentile storm count 
versus year for all rivers are located in Figure 2.16. A summary of trend statistics is 
located in Table 2.5. The GLM analysis produced no significant trends (Table 2.7) 
between change in storm count and change in annual wet days, percent managed land use, 
watershed size, longitude, or latitude. Trend analysis of annual storm count versus annual 
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wet days found a significant positive relationship within nine out of eleven tributaries 
indicating that as the number of wet days per year increased the number of storms 
observed within the streamflow increased (average slope of 0.14 storms /wet day). The 
presence of strong relationships between number of wet days and number storms within 







Figure 2.14 Annual Storm Count with 75th Percentile Flow Threshold. Rivers with significant Mann-Kendall trends are indicated 








Figure 2.15 Annual Storm Count with 85th Percentile Flow Threshold. Rivers with significant Mann-Kendall trends are indicated 








Figure 2.16 Annual Storm Count with 95th Percentile Flow Threshold. Rivers with significant Mann-Kendall trends are indicated 




Because unequal temporal scales could influence visible trends between river behavior, 
trends were assessed in divided temporal periods in addition to trend analysis over the 
entire available data set. The temporally subdivided trends are shown in Figure 2.17. 
 
 
Figure 2.17 75th Percentile Storm Count Temporal Trend Summary Maps: Temporal 
trends were calculated for each river for 1930-1949, 1950-1969, 1970-1989, 1990-2009, 
1996-2015, and all data years (for description of data years for each river see Table 2.4). 
Significant positive trends are denoted with a solid blue upward arrow, non-significant 
positive trends are marked with a hollow blue upward arrow, a significant negative trend 
is marked with a solid red downward arrow, and a non-significant negative trend is 




Watershed trends seen in 75th percentile storm count very closely mimicked median flow 
trends. In 1930-1949 the east coast tributaries all showed positive trends while the 
Milwaukee River had a decreasing trend. This pattern reverses for 1950-1969. During 
1970-1989 the southern tributaries all had positive trends and the two northernmost 
tributaries showed a decrease in annual storm count. 1990-2009 trend clusters mimicked 
1950-1969 patterns on the east coast, but had a dominance of negative trends on the west 
coast. The cluster of negative trends seen in the 1990-2009 northwest tributaries reverses 
for 1996-2015 despite the overlap of 14 years of data. Trend clusters seen in the analysis 
using all available data mimicked the 1970-1989 results. The eastern coast and 
Milwaukee all had a positive trend while the western tributaries (minus Milwaukee) all 
had a decrease in annual storm count. 
2.5.3 Decadal Averages 
Decadal averages were calculated for each hydrologic parameter and river. At Burns 
Ditch (shown in Figure 2.18), increases in peak flow, median flow, and storm count were 
observed starting in the 1986-1995 decade. R-B Index showed very little variation across 
the decades. With an increase in peak flow magnitude, it would normally be expected to 
see an increase in the river flashiness (R-B Index), but the streamflow rate of change did 
not change. Additionally, the Gini coefficient began to decrease as storm event count 
increased which also indicated that the increasing frequency of storms may have caused 
the streamflow temporal distribution to become less episodic (more even). This could 
occur during situations were increased storm events allowed for less time between storms 
73 
 
for the hydrograph to recede, so the overall load distribution would be more even, but the 
streamflow rate of change would still increase.  
 
Figure 2.18 Burns Ditch Decadal Averages: Decadal averages of measured hydrologic 
parameters for 1926-1935, 1936-1945, 1946-1955, 1956-1965, 1966-1975, 1976-1985, 
1986-1995, 1996-2005, and 2006-2015. 
 
In the Ford River decadal trends (Figure 2.19), the 75th percentile streamflow storm count 
showed highest average counts during 1966-1975 and has been decreasing since although 
the difference between the 1966-1975 decade and the 2006-2015 decade is only 5 annual 





Figure 2.19 Ford River Decadal Averages: Decadal averages of measured hydrologic 
parameters for 1926-1935, 1936-1945, 1946-1955, 1956-1965, 1966-1975, 1976-1985, 
1986-1995, 1996-2005, and 2006-2015. 
 
The Grand River (Figure 2.20), Kalamazoo River (Figure 2.21), Milwaukee River 
(Figure 2.22), and St. Joseph River (Figure 2.23) had an increase in decadal averages of 
median flow and 75th percentile streamflow storm count. Because there were no decadal 
changes to streamflow flashiness, it could be interpreted that the increase in streamflow 
storm event frequency caused an increase in median flow because there was less time for 
the hydrograph to recede between events. No change is observed in the peak flow 




Figure 2.20 Grand River Decadal Averages: Decadal averages of measured hydrologic 
parameters for 1926-1935, 1936-1945, 1946-1955, 1956-1965, 1966-1975, 1976-1985, 





Figure 2.21 Kalamazoo River Decadal Averages: Decadal averages of measured 
hydrologic parameters for 1926-1935, 1936-1945, 1946-1955, 1956-1965, 1966-1975, 




Figure 2.22 Milwaukee River Decadal Averages: Decadal averages of measured 
hydrologic parameters for 1926-1935, 1936-1945, 1946-1955, 1956-1965, 1966-1975, 





Figure 2.23 St. Joseph River Decadal Averages: Decadal averages of measured 
hydrologic parameters for 1926-1935, 1936-1945, 1946-1955, 1956-1965, 1966-1975, 
1976-1985, 1986-1995, 1996-2005, and 2006-2015. 
 
Although there were decadal differences for the Manitowoc River (Figure 2.24) and the 
Menominee River (Figure 2.25), consistent directional trends were not seen across the 
study years. For the Manitowoc River, the 1996-2005 decade appeared to be a dry period 
compared to the other decades and the lowest average peak flow, median flow, and storm 
count occurred during this period. At the Menominee River, highest decadal median flow 
occurred during the 1986-1995 decade which was also the period with the highest storm 
count. This trend coupling was seen in other previously discussed watersheds and is 
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linked to the overall increase in streamflow caused by less time for the hydrograph to 
recede between storm events. 
 
Figure 2.24 Manitowoc River Decadal Averages: Decadal averages of measured 
hydrologic parameters for 1926-1935, 1936-1945, 1946-1955, 1956-1965, 1966-1975, 





Figure 2.25 Menominee Decadal Averages: Decadal averages of measured hydrologic 
parameters for 1926-1935, 1936-1945, 1946-1955, 1956-1965, 1966-1975, 1976-1985, 
1986-1995, 1996-2005, and 2006-2015. 
 
The Fox River, Indiana Harbor, and Muskegon River had the least amount of data (three, 
three, and two decades, respectively), so decadal average trends were difficult to assess 
and interpret with accuracy. Decadal averages for the Fox River are shown in Figure 2.26, 






Figure 2.26 Fox River Decadal Averages: Decadal averages of measured hydrologic 
parameters for 1926-1935, 1936-1945, 1946-1955, 1956-1965, 1966-1975, 1976-1985, 






Figure 2.27 Indiana Harbor Decadal Averages: Decadal averages of measured hydrologic 
parameters for 1926-1935, 1936-1945, 1946-1955, 1956-1965, 1966-1975, 1976-1985, 








Figure 2.28 Muskegon River Decadal Averages: Decadal averages of measured 
hydrologic parameters for 1926-1935, 1936-1945, 1946-1955, 1956-1965, 1966-1975, 
1976-1985, 1986-1995, 1996-2005, and 2006-2015. 
 
2.5.4 Precipitation Trends 
Results for precipitation trends are shown in Table 2.6. Burns Ditch, Ford River, Fox 
River, Kalamazoo River, Manitowoc River, Menominee River, Milwaukee River, 
Muskegon River, and St. Joseph River all experienced significant increasing trends in the 
number of annual wet days (days with precipitation). The Grand River was the only river 
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to show a significant increase in the number of annual wet days with precipitation greater 
than 50.8 mm (2 in).   
Burns Ditch experienced significant increases in the number of monthly wet days for 
January, February, June, July, October, November, and December. Ford River had 
significant increases in the number of monthly wet days for January, May, October, and 
December. The Fox River indicated significant increases in the number of monthly wet 
days for all months except March. The Grand River experienced a significant decrease in 
the number of monthly wet days for March and a significant increase in monthly wet 
days for July, August, October, and December. Indiana Harbor Canal had no significant 
changes to the monthly wet day count. Kalamazoo experienced significant increases in 
the monthly wet day count for all months except March. Manitowoc River indicated 
increases in monthly wet day count during April, May, July, August, September, October, 
and November. The Menominee River had significant increases in monthly wet days in 
all months except February and March. The Milwaukee River saw increases in monthly 
wet day count in all months. The Muskegon River had significant increases in number of 
monthly wet days for all months except March. Lastly, the St. Joseph River experienced 
significant increases in the number of monthly wet days for all months. 
2.6 Discussion 
2.6.1 Peak Flow and Median Flow Trends 
This project’s initial hypothesis stated that all watersheds experienced an increase in 
annual peak and median flow as well an overall increase in storm events as measured by 
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streamflow. The results were more complicated than initially expected with differences in 
behavior across the watersheds with each measured parameter. Significant trends in peak 
flow timing were minimal when complete data sets were assessed, but visible trends were 
seen during the 1996-2015 temporal subset. Peak flow timing had significant positive 
trends within the northwest tributaries for 1996-2015 indicating that the peak flow 
occurred later in the year. Changes in peak flow delivery are most likely linked to 
changes in precipitation intensity rather than frequency which was what this study 
focused on. Therefore, it is recommended to look further into precipitation temporal 
shifts within future work specifically at the seasonal or monthly scale. 
The Muskegon River, St. Joseph River, and Burns Ditch were the only three rivers to 
experience a significant (by slope) increase in annual peak flow magnitude through the 
study years. The low number of study rivers with a peak flow increase was an unexpected 
result. When looking at the temporal subsets, periods of significant change occurred 
during 1930-1949 and 1996-2015. Although 1996-2015 had a high occurrence of 
significant trends for both peak flow magnitude and peak flow timing, only the 
Manitowoc River had significant changes in both. Previously completed climate change 
projects in the region predicted an overall increase in annual peak flow for Michigan, 
Indiana, Illinois, and Wisconsin (Cherkauer & Sinha, 2010). It was originally 
hypothesized that increases in developed land use throughout the watersheds (Lake 
Michigan Basin Land Cover Report 1985-2010, 2013) and an increase in high 
precipitation events in the region (Angel & Huff, 1997) would couple to increase the 
annual peak flows for each river. Although this hypothesis was not found to be true 
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across all watersheds, Muskegon, St. Joseph, and Burns Ditch watersheds all experienced 
moderate to high land use changes during 1985-2010 (Lake Michigan Basin Land Cover 
Report 1985-2010, 2013) as well as increases in annual wet days. Only St. Joseph River 
also experienced an increase in annual wet days greater than 50.8 mm. No significant 
trend was found between the changes in annual peak flow magnitude and changes in 
precipitation or current land use, however a few watersheds showed significant 
relationships between annual peak flow and annual wet days. It is recommended to 
research specific land use practice changes within watersheds further in order to help 
determine the main driving force behind increases in annual peak flow magnitude. 
Changes in land use as well as anthropogenic flow controlling structures, like dams and 
storm sewers, could potentially affect hydrologic behaviors.  
For annual median flow trends, rivers that experienced no significant trend were also the 
rivers with the least amount of data available with the exception of the Ford River. This 
may indicate a bias that would need to be investigated further in future work. An 
unexpected result was the negative trend shown for the Menominee River and Indiana 
Harbor Canal. This indicated a decrease in annual median flow which directly contradicts 
the expected results based on previous studies. The Indiana Harbor Canal watershed is 
highly developed with high levels of industry which outlet into the channel. This high 
level of anthropogenic intervention within the watershed may be the driver behind the 
decrease in annual median flowrate. As the system becomes more controlled, water that 
originally outlet into the channel may have been redirected or flow control structures 
could have been used to regulate streamflow. It is also important to note that the Indiana 
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Harbor Canal has the second lowest number of sample years available which could have 
formed biased results. On the other hand, the Menominee River watershed has three 
times as much streamflow data available and 50% of the watershed is natural land use 
and water. The watershed also experienced an increase in overall days per year with 
precipitation, so further research into why the watershed displayed a decrease in median 
annual flowrate within the last 60 years is needed.  
Between the subsets of 1990-2009 and 1996-2015, complete median flow trend reversals 
were present within most of the study areas. Originally it was believed to be a byproduct 
of varying precipitation trends occurring at the beginning of the 1990s which would only 
affect the first subset and not the second. However, further investigation only produced 
differing annual precipitation event counts at Burns Ditch which was the only river to not 
have a trend reversal in median flow. Since the trend was lake-wide, it was potentially 
due to weather conditions varying during the two periods such as storm intensity or 
duration changes. 
2.6.2 R-B Index and Gini Coefficient Trends 
Because the RB-index and Gini coefficient measure flow distribution, it was believed that 
changes in the two parameters would closely track each other. However, it was 
discovered that this was not always the case. When looking at the analysis using all data, 
only the rivers on the east coast and Milwaukee exhibited significant negative trends in 
both their RB-Index and Gini coefficients. The decreasing trend indicated a river that 
became less flashy and gained a more even flow distribution over the study period. This 
contradicted the project’s initial hypothesis, but agreed with the other parameters.  The 
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decreasing trend in the RB-Index agrees with other studies conducted in the Great Lakes 
region which found that roughly 40% of streams experienced a decrease in RB-Index 
from 1975-2001 (Baker et al 2004). The variability in the other watersheds between the 
measured change in RB-Index and Gini coefficients was unexpected. The Fox River and 
Indiana Harbor Canal had a significant change in Gini Coefficients, but not RB-Index. 
The Muskegon, St. Joseph, and Menominee Rivers had significant changes in their RB-
Index, but not their Gini coefficient.  
Closer evaluation of temporal subsets showed that the R-B Index and Gini coefficient 
trends agreed during many of the temporal subsets, but there was much variation between 
the two parameters during the 1990-2009 and 1996-2015 subsets. Through further 
investigation, it was found that an increase in storm event frequency can cause an 
increase in RB-Index and a decrease in Gini Coefficient. Figure 2.29 contains a 







Figure 2.29 Hypothetical Hydrographs and Lorenz Curves: The above hydrographs 
illustrate how changes in a rivers hydrography could cause a decrease in Gini coefficient 
and an increase in RB-Index at the same time. Both hydrographs have the same peak and 
low flow, but the green hydrograph has twice as many storm events compared to the blue 
hydrograph. 
 
Each hydrograph has the same peak flow and low flow, but the hydrograph with a higher 
storm frequency experiences twice as many storm events compared to the hydrograph 
with lower storm frequency. This change produced a more even flow distribution (less 
episodic) in the higher storm frequency hydrograph because storms are more common 
and happen more frequently. At the same time, this increase in storm activity causes the 
RB-Index to increase due to the higher flashiness. The higher storm frequency 
hydrograph has a Gini coefficient of 0.48 and an RB-Index of 0.52 while the lower storm 
frequency hydrograph has a Gini coefficient of 0.42 and an RB-Index of 0.58. A 
significant positive trend was seen between changes in annual Gini coefficient and 
changes in number of days per year with precipitation greater than 50.8 mm, but no other 
trends were seen between Gini Coefficients and RB Indexes with precipitation changes or 
current land use. When the annual R-B Index and Gini Coefficient trends with annual wet 
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days were assessed, rivers showed a significant negative relationship (five and three 
rivers, respectively). 
Similarities in trends were also expected between the Gini Coefficients / RB Index and 
the annual storm counts because changes in storm count could directly impact the 
flashiness of a river and the flow temporal distribution. However, while few rivers 
experienced changes in both Gini coefficient and RB-Index, all rivers except for the 
Muskegon, Manitowoc, and Ford experienced significant changes in annual storm count 
for the 75th percentile threshold. The Fox, Grand, St. Joseph, Milwaukee, Kalamazoo, and 
Burns Ditch all experienced a significant increase in storm activity within the study years. 
This agreed with the increase in days with precipitation, but appeared contradictory to the 
general decrease in river flashiness found. Because of the increase in median flow 
coupled with the decrease in flashiness, it is believed that the increase in storms paired 
with the decrease in flashiness was driven by a general shift upward of the baseline 
hydrograph. Between storm events, the hydrograph was not receding as much causing 
subsequent storm flows to trigger the 75th percentile more frequently than if the flow 
between storms receded fully. A significant negative trend was found between the 75th 
percentile storm count and the number of high precipitation days. This is contrary to logic 
which would state that storm events should increase with an increase in high precipitation 
events; however it is important to note that only 4 out of 11 watersheds experienced 
significant change in high precipitation days and that the slope of the trend line between 
storm events and high precipitation events is skewed because of high slope trends seen 
within the Indiana Harbor watershed.  
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2.6.3 Precipitation Trends 
During the study period of 1920-2015, all watersheds except for Indiana Harbor saw an 
increase in the number of wet days per year. These results agree with previously 
published projects which showed an increase of approximately 0.94 mm/year between 
1895-2010 across Indiana, Michigan, Wisconsin, and Illinois (Anderson et al, 2012). A 
surprising result from this study was the minimal changes seen in high precipitation 
patterns across the study watersheds. Only the Grand River, St. Joseph River, Manitowoc 
River, and Indiana Harbor Canal experienced an increase in daily precipitation events 
greater than 50.8 mm. Previous studies in the Midwest have shown an overall increase in 
number of extreme precipitation events across the region within the last century 
(Anderson et al, 2012; Kunkel et al, 2003); however, a closer examination showed less 
than half of the study areas with a significant change. Although the findings in this 
project do not agree completely with the overall regional trends previously published, 
comparing on the watershed level does show agreement. 
2.6.4 Influencing Factors 
An interesting and unexpected result was the influence longitude had on the hydrologic 
parameters. Peak flow magnitude, median flow, and R-B index all experienced 
significant correlations with longitude. One possible reason behind the relationship would 
be the difference in weather patterns seen on the west and east coasts of Lake Michigan. 
The east coast is susceptible to lake effect precipitation patterns. No significant 
correlation was seen between any change in hydrologic parameter with change in annual 
precipitation (measured in the GLMs described previously), but there were significant 
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trends between annual parameters and annual precipitation. For peak flow magnitude, 
significant trends with annual precipitation count were seen in all east coast tributaries 
while median flow and R-B index trends with annual precipitation were less clustered. 
Another possible factor would be the difference in land use changes between the 
watershed areas. In a study by Mao et al (2009), land use changes were seen to be highly 
variable depending on the specific region within the Lake Michigan Basin. This is a 
research area that could be investigated further once land use change data 1900-current 
becomes available through the Purdue University Land Transformation Model.  
2.7 Conclusion 
Tributary flowrates influence water availability (Cherkauer & Sinha, 2010), ecosystem 
composition and behavior (Wilcox, 2004), and nutrient delivery (Magnuson et al, 1997) 
within Lake Michigan. The observed increases in median flow and annual storm count 
could cause ecological concerns within the Lake Michigan nearshore zone. Previous 
studies have shown that nutrient concentrations either stay constant or increase as 
streamflow increases (Thompson et al, 2011). This information coupled with the 
observed increasing trends in median flow and storm events could cause an 
overburdening of the nearshore region through the introduction of increasing nutrient 
loads. Continued monitoring of streamflow is important within upcoming decades 
especially because of predictive models forecasting a continued rise through the end of 
the century (Cherkauer & Sinha, 2012). 
Trends in hydrologic parameters varied across study rivers and regionalized patterns 
emerged within examination of relationships with streamflow station longitude and 
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temporal trend maps. Annual median flowrate and annual R-B index had a significant 
relationship with longitude of the river outlet. Also, trends were seen within the temporal 
subset maps with commonalities in behavior seen within three regional clusters: the 
eastern tributaries, the northwestern tributaries, and the southern tributaries. These trends 
indicate that watershed response to influencing factors may vary or the influencing 
factors may vary between regions. Although assessing the regionalization of precipitation 
patterns was possible, data regarding historic land use changes were not available at the 
time of this study.  
Only one study river showed significant change in peak flow timing when analysis 
included all available data. However, there was an increase in significant trends within 
the temporal subset analysis especially during the most recent subset of 1996-2015. 
During the recent years many rivers saw a positive trend in peak flow timing which 
indicated that the peak flow was moving to later within the calendar year. It is 
recommended to investigate whether this trend continues in future years within future 
research. Alterations to peak flow timing could influence the delivery timing of nutrients 
to the lake and subsequently alter the nearshore zone which primarily receives the loads. 
Because of the uncertainty in land use practice changes within the Lake Michigan 
watershed over the past century, future work should include the analysis of land use 
historical modeling results produced by the Purdue University Land Transformation 
Model that are expected to be released by the end of 2016. This analysis would allow for 
better understanding the relationship between observed changes in hydrology and historic 
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land use. Additionally, information including the use of streamflow control structures 
could be assessed to determine possible influences on the modeled streamflow trends. 
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CHAPTER 3. NUTRIENT LOADING TRENDS WITHIN LAKE MICHIGAN 
TRIBUTARIES 
3.1 Summary 
Changes in watershed land use and streamflows can greatly alter the natural timing of 
processes including the delivery of important nutrients; this can in turn alter the 
ecosystem behavior of the receiving water body (Kane et al, 2014; Beck, 1985). Because 
changes in nutrient loading can be so detrimental to the health of the Great Lakes, 
understanding nutrient delivery to the lakes is imperative for protecting the ecosystems. 
For this project, nutrient trends for eleven Lake Michigan tributaries were assessed using 
USGS water quality data from 2011-2015. Nutrients (specifically total phosphorus, total 
nitrogen, orthophosphate, and total suspended solids) were found to have either 
chemostatic (constant concentration) or accretive (increasing concentration) as 
streamflow increased. Observed historical and predicted future increases in streamflow 
paired with the aforementioned streamflow-concentration relationships could cause over-




The Great Lakes are influenced by changes in nutrient loading (Hecky et al, 2004; 
Nicholls & Hopkins, 1997). Changes in watershed land use and streamflows can alter the 
natural timing of processes, including the delivery of important nutrients, which in turn 
can alter the ecosystem behavior within the receiving water body (Kane et al, 2014; Beck, 
1985). Storm events can cause influxes of contaminated riverine sediment which deposit 
into receiving lakes leading to nearshore ecosystem health issues (Whitehead et al, 2009).  
Depending on the relationship between nutrient concentration and streamflow, changes in 
hydrologic patterns can cause the deposition of excess nutrients into the nearshore region 
affecting local ecosystems and the health of shorelines. Watersheds with high nutrient 
loads have been found to have chemostatic (no concentration change with varying 
streamflow) relationships with certain nutrients like total nitrogen, but variable 
concentrations in phosphorus species and total suspended sediment (Thompson et al, 
2011). Events of eutrophication and hypoxia, both side-effects of excess nutrients, have 
occurred within the Great Lakes (Scavia et al, 2014; Zhang & Rao, 2012); these events 
typically occur during the summer months when the warmer water temperatures, 
increased sunlight, and higher nutrient availability encourage algal blooms. Although 
algal blooms are naturally occurring, ongoing research has linked the increase in 
frequency and severity to anthropogenic influences on the ecosystems (NOAA Center for 
Sponsored Coastal Ocean Research, 2006). Hypoxia and harmful algal blooms (HABs) 
can cause wide shifts in ecosystems and have been linked to massive species (mostly fish 
and bird) kills (Turner et al, 2008). Because these events can be so detrimental to the 
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health of the Great Lakes, understanding nutrient delivery to the lakes is imperative to 
protecting the ecosystems. 
3.2.1 Influential Factors 
The two main factors affecting tributary nutrient loading are changes in nutrient 
concentrations and changes in river hydrology (Ahearn et al, 2005). Changes in both of 
these factors have been observed during the past century for Great Lakes watersheds and 
are expected to continue in the future (Cherkauer & Sinha, 2010; Koonce et al, 1996).  
3.2.1.1 Changes in Nutrient Concentration 
Changes in nutrient concentrations within a river occur primarily when land use 
designation or practices are altered within the contributing watershed (Ahearn et al, 2005). 
Land use changes can influence the species (Klein, 1979; Rodriguez-Lloveras et al, 2015) 
and quantity (Bronstert et al, 2002) of nutrients within runoff. Because of the application 
of nutrients to help with crop yields, agricultural land uses produce runoff with higher 
concentrations of nitrogen, phosphorus, and total suspended solids (Jordan et al, 2003). 
These nutrients cause increased turbidity and increased productivity within the receiving 
waters (Johengen et al, 2008). Primarily agricultural watersheds have exhibited 
chemostatic total nitrogen concentrations within tributaries while orthophosphate 
concentrations increased with streamflow (Thompson et al, 2011). In addition to affecting 
the magnitude of runoff, contaminants from urban landscapes vary drastically across 
different watersheds (Paul & Meyer, 2008). Watersheds containing combined sewer 
overflow (CSOs), wastewater treatment plants, and significant stormwater piping 
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typically produce higher levels of nutrients from wastewater as well as vegetation 
degradation (Paul & Meyer, 2001). Alternatively, natural landscapes with mostly wooded 
and grass cover filter water more creating runoff with higher clarity and often nutrient 
deficiency (Crosbie & Chow-Fraser, 1999). 
Analysis conducted by Kumar et al (2012) showed that watersheds which outlet to the 
southern half of Lake Michigan reached peak agricultural usage before 1910 and the 
northern watersheds reached peak production before 1970 (Kumar et al, 2012). 
Conversion of agricultural land to natural/forested was reported (Mishra et al, 2008) in 
Wisconsin, which may lead to decreased water quality issues. Additionally, a land cover 
change report released by NOAA in 2013 stated 63% of the Lake Michigan Basin land 
cover change seen between 1985 and 2000 was the transition of agricultural land use to 
urban/ developed land and 6% of the total basin experienced land use change, overall 
(NOAA Center for Sponsored Coastal Ocean Research, 2006). These shifts in land use 
within the Lake Michigan Basin could cause an overall degradation in water quality 
within receiving tributaries by increasing nutrient and contaminant concentrations.  
3.2.1.2 Changes in Riverine Hydrology 
Because nutrient loading is a product of the concentration and streamflow, the amount of 
nutrient and sediment load within a riverine system is directly influenced by the amount 
of streamflow except in situations with concentration dilution (Gall et al, 2010). High 
flows during episodic events cause potential water quality concerns in aquatic systems by 
overloading the system with higher loads and different compositions of nutrients and 
sediments (McDiffett et al, 1989; Wahl et al, 1997). Higher flows are able to carry a 
99 
 
larger variety of sediment size which in turn carries more particulate phosphorus 
especially in watersheds with higher clay content sediment commonly found in 
southeastern Michigan and north-central Indiana (Burkholder, 1992; NASA, 2014). Due 
to the influence streamflow can have on the overall nutrient loading rate of a tributary, 
understanding the direct relationship between concentration and streamflow is important. 
Currently, limited information is known about the streamflow-concentration (Q-C) 
relationship within Lake Michigan tributaries because of previous sampling limitations. 
Because of limited resources, traditional water quality sampling methods often do not 
capture representative samples from a wide range of flows (Cassidy & Jordan, 2011; 
McDiffett et al, 1989). Episodic high flow events occur less frequently resulting in a 
decreased likelihood routine sampling will happen during high flow events (Stone et al, 
2000). The lack of water quality values measured during high flow events result in 
skewed loading calculations especially when calculations rely on regression analysis 
between concentrations and streamflow values (Harmel et al, 2006; Stone et al, 2000).  
Limited resources often hinder the spatial coverage of water sampling which leads to 
researchers using data from one tributary and applying it to other systems outside the 
region (Hawkins et al, 2010).  
3.3 Research Question and Hypothesis 
Research Question: How do nutrient concentrations vary episodically and 




Hypothesis: Total nitrogen, total phosphorus, and orthophosphate will behave 
chemostatically across all watersheds while total suspended sediment will vary depending 
on flowrate magnitude. The chemostatic relationships observed will create higher nutrient 
loading during periods of high streamflow, like spring, and low nutrient loads during 
periods of low streamflow, like fall. 
3.4 Methodology 
3.4.1 Study Areas 
For this project, eleven Lake Michigan tributary watersheds were selected based on the 
availability of water quality data.  The USGS completed water sampling on an 
approximately bi-weekly sampling at eleven Lake Michigan tributaries during the period 













Table 3.1 USGS Water Quality Sampling Sites: Sites were selected due to availability of 
high frequency water quality sampling by the USGS. Total phosphorus, orthophosphate, 
total nitrogen, and total suspended sediment data is available at each site from 2011-2015. 
Lake Michigan USGS Monitoring Sites 
Site Number River Name State 
04067500 Menominee River WI 
04059500 Ford River WI 
040851385 Fox River WI 
04085427 Manitowoc River WI 
04087170 Milwaukee River WI 
04092750 Indiana Harbor Canal IN 
04095090 Burns Ditch IN 
04101500 St. Joseph River MI 
04108660 Kalamazoo River MI 
04119400 Grand River MI 
04121970 Muskegon River MI 
The tributary watershed size, land use, and location along Lake Michigan varied greatly 
with four rivers located primarily within Michigan, five located in Wisconsin, and two 
located in Indiana. A map containing the watershed delineations for all study areas is 
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shown in Figure 3.1 as well as the USGS sampling locations for flow and water quality. 
Indiana Harbor contained the most developed land use with 81%, St. Joseph and 
Muskegon have the most agricultural land use with 48% and 47%, respectively, and Ford 
and Manitowoc have the most natural and water land use with 54%. Watershed land uses 






Figure 3.1 Nutrient Loading Study Area Locations: Research focused on eleven Lake 
Michigan Tributaries. USGS gage locations are marked with a circle for a flow gage and 
a triangle for water quality sampling locations. Watershed delineations were provided by 
the Watershed Boundary Dataset (WBD). Indiana Harbor and Burns Ditch watershed 
boundaries are from the USGS HUC 10 dataset because of their small size, while all 
other watersheds are HUC 8. 
 
3.4.2 Lorenz Curves and Gini Coefficients 
In order to assess the temporal distribution, Gini coefficients were used for flow and 
water quality constituents. Gini coefficients are quantities representations of Lorenz 
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curves. Although Lorenz curves are typically used to show the distribution of wealth 
within a population (Kakwani, 1977), they can also be used to illustrate a riverine 
system’s nutrient load and flow volume distributions (Gall et al, 2012). By plotting the 
fraction of nutrient load or flow volume delivered versus the fraction of time, assessing a 
river’s response to episodic events becomes possible. A river with steady nutrient loads 
that is minimally affected by storm events will produce a Lorenz curve close to the line of 
equality- a line between (0,0) and (1,1). Rivers with highly variable (episodic) systems 
will alternatively create a nutrient Lorenz curve that bows away from the line of equality 
towards the line of inequality- line created by the bottom x-axis and right y-axis. An 
example Lorenz curve can be seen in Figure 3.2. 
 
Figure 3.2 Example Lorenz Curve: Lines closer to the line of equality denote a more 




The Gini coefficient, G, serves as a quantitative measure of load distribution inequality 
and is defined as one minus twice the area under the Lorenz curve (Kakwani, 1977) or, 
alternatively, the area between the line of equality and Lorenz curve divided by the area 
under the line of equality. G values range from 0 to 1 with 0 indicating a perfectly equal 
distribution of load with respect to time and a value of 1 indicating a perfectly unequal 
(episodic) distribution. Translated to nutrient loading terminology, as G approach 0, the 
load delivery of the constituent becomes more temporally even. This relationship 
subsequently states that as G approaches 1, the more episodic (storm driven) the nutrient 
loading for that watershed becomes. 
Another method for assessing nutrient distribution within a watershed is to calculate the 
ratio of the Gini coefficient for flow over the Gini Coefficient for the desired nutrient. 
This ratio allows for the assessment of whether the nutrient can be viewed as chemostatic 
or not (Gall et al, 2012). Chemostatic refers to a situation where the loading levels are 
completely driven by the flow fluctuations because the concentration of the nutrient is 
constant. As the ratio of the Gini coefficients for flow over the nutrient approach 1, the 
response is increasingly chemostatic. As the ratio approaches 0 the response is less 
chemostatic and the nutrient delivery experiences a dilution effect. If the ratio greatly 
exceeds 1 than the nutrient is subject to accretion which means the nutrient concentration 
is increasing faster than streamflow (Gall et al, 2012). 
Strict Gini coefficient thresholds do not exist in previous research for determining even 
versus episodic delivery; however, for discussion purposes during this project, a G value 
greater than 0.6 will be considered episodic delivery, a value less than 0.6 and greater 
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than 0.4 will be moderately even, and a value less than 0.4 will be considered even 
delivery. The threshold value of 0.4 was selected to roughly correspond to the overall 
Gini coefficient mean plus one standard deviation, and the threshold value of 0.6 was 
selected by calculating the mean plus two standard deviations. For calculated Gini 
coefficient ratios, values closest to unity indicate chemostatic, or constant concentration, 
Q-C relationship while values further from unity indicate a non-chemostatic relationship. 
Strict G-ratio thresholds do not exist in previous research for determining chemostatic 
versus non-chemostatic behavior; however, for discussion purposes during this project, a 
ratio value greater than unity minus the overall G-ratio standard deviation (=0.8) and less 
than unity plus the overall G-ratio standard deviation (=1.2) is considered chemostatic 
behavior, a ratio value less than 0.8 will be considered a dilution scenario where the 
nutrient concentration decreases as flow increases, and a ratio value greater than 1.2 will 
be considered an accretion scenario where the nutrient concentration increases at a faster 
rate than flow.  
Nutrient and streamflow Gini coefficients were created using the high-frequency USGS 
nutrient sampling data from 2011-2015 at sampling sites listed in Table 3.1.  For each site, 
total nitrogen (TN), total phosphorus (TP), orthophosphate (OrthoP), and total suspended 
solids (TSS) Gini coefficients were calculated. These values determined the temporal 
episodicity of nutrient loading for each tributary. Variation patterns were then assessed 
using watershed size and dominant land use. 
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3.4.3 Coefficient of Variation 
An additional metric used to analyze chemostatic behavior of nutrients was the ratio of 
coefficient of variation, CV, for the nutrient over the coefficient of variation for flow as 





       Equation 3.1 
where µc is the mean of the nutrient concentrations in mg/L, µQ is the mean of the 
flowrates in m3/s, σc is the standard deviation of the nutrient concentrations mg/L, and σQ 
is the standard deviation of the flowrates m3/s. A CVc/CVQ ratio of 0 indicates a perfectly 
chemostatic system with a threshold of less than 0.3 (Thompson et al, 2011) specified to 
determine whether a system can be considered chemostatic or not. 
3.4.4 Nutrient Loading 
Average nutrient loading was calculated on a seasonal basis for each river and nutrient. 
Following methodologies outlined by Dolan et al (1981), seasonal loads were calculated 
by multiplying the average seasonal concentration by the seasonal sum of the daily 
streamflow rates. Reported total seasonal loads are the seasonal average of all study years 
(2011-2015). Additionally, annual loads were calculated for each river by summing the 




3.4.5 Land Use 
The NLCD 2006 dataset was used to determine current land use within each watershed. 
In order to simplify analysis, land use classifications were reclassified to fall under four 
broader categories: natural, agricultural, developed, and water.  
3.5 Results 
A summary of all G, G-ratio, and CV-ratio results from this study is located in Table 3.2. 
Calculations were completed for TN, TP, OrthoP, and TSS using all available water 
quality data from 2011-2015 for each river. Reported land use percentages were 
calculated using the NCLD 2006 dataset, and watershed sizes are calculated using the 











Table 3.2 Summary of Gini Coefficients and Coefficients of Variation: Nutrient loading 
results are the Gini coefficients and Coefficient of Variation from 2011-2015. Reported 
land use was calculated using the NLCD 2006 dataset. River names have been 
abbreviated as follows: FX = Fox River, GR = Grand River, MU = Muskegon River, SJ = 
St. Joseph River, MI = Milwaukee River, KA = Kalamazoo River, ME = Menominee 
River, MA = Manitowoc River, BD = Burns Ditch, FD = Ford River, and IH = Indiana 
Harbor Canal. Underlined values fall within the threshold range of episodic for G and 
chemostatic for G-ratios and CV-ratios. 
Nutrient Loading Gini Coefficients 2011-2015 
 
FX GR MU SJ MI KA ME MA BD FD IH 
GQ 0.14 0.12 0.05 0.14 0.40 0.08 0.17 0.32 0.15 0.44 0.01 
GTN 0.29 0.18 0.18 0.22 0.48 0.19 0.31 0.30 0.18 0.69 0.03 
GTP 0.13 0.17 0.08 0.27 0.52 0.17 0.36 0.44 0.29 0.63 0.07 
GOP 0.20 0.22 0.28 0.29 0.40 0.29 0.41 0.36 0.26 0.44 0.15 
GTSS 0.24 0.37 0.19 0.40 0.66 0.41 0.41 0.69 0.53 0.76 0.23 
GQ/GTN 0.47 0.64 0.26 0.62 0.82 0.41 0.54 1.09 0.80 0.64 0.33 
GQ/GTP 1.07 0.67 0.59 0.50 0.77 0.45 0.47 0.73 0.51 0.70 0.15 
GQ/GOP 0.69 0.54 0.16 0.47 0.99 0.27 0.41 0.91 0.55 1.00 0.07 
GQ/GTSS 0.57 0.31 0.24 0.34 0.60 0.19 0.42 0.47 0.28 0.58 0.04 
CVQ 0.70 0.83 0.66 0.59 1.28 0.60 0.79 1.24 1.00 1.29 0.34 
CVTN 0.86 0.37 0.38 0.34 0.40 0.32 0.75 0.66 0.24 1.12 0.25 
CVTP 0.54 0.44 0.37 0.81 0.46 0.45 0.79 0.71 0.59 0.64 0.44 
CVOP 0.91 0.65 0.77 0.75 0.42 0.64 1.58 0.65 0.51 0.12 0.63 
CVTSS 1.06 2.87 1.21 1.13 1.21 1.40 0.79 2.39 1.34 1.22 0.83 
CVTN/CVQ 1.23 0.45 0.59 0.59 0.31 0.54 0.95 0.53 0.24 0.86 0.72 
CVTP/CVQ 0.77 0.53 0.57 1.37 0.36 0.75 1.00 0.57 0.59 0.50 1.28 
CVOP/CVQ 1.29 0.79 1.18 1.27 0.33 1.07 2.00 0.52 0.52 0.09 1.83 
CVTSS/CVQ 1.50 3.46 1.84 1.91 0.94 2.35 1.00 1.92 1.34 0.95 2.41 
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Table 3.2 Continued 
 
Watershed Land Use 
 
FX GR MU SJ MI KA ME MA BD FD IH 
Agriculture 
[%] 29 47 9 48 7 20 28 21 28 28 0.3 
Developed 
[%] 6 13 40 12 47 57 21 25 42 18 81 
Natural [%] 40 27 32 22 44 15 41 53 29 53 8 
Water [%] 25 13 18 19 2 9 9 2 1 1 11 
Total [km2] 2006 1630 1512 1472 1417 1277 1241 497 466 208 123 
 
3.5.1 Chemograph Trends 
Chemographs (concentration versus day of year) were created for each nutrient and each 
river. Chemographs are located in Figures 3.3-3.6. A summary of average seasonal 
concentrations for each nutrient is located in Table 3.3.  
At Burns Ditch highest concentrations for TN occurred during the winter with the 
seasonal average being 26% higher than the annual average, and the lowest 
concentrations occurred during the summer which averaged 18% below the annual 
average. OrthoP had highest concentrations during the summer with a 53% higher 
concentration than the annual average, and the lowest concentrations during the winter-
spring with concentrations below the annual average by 22%. TP experienced highest 
concentrations during the spring-summer with concentrations being 19% above annual 
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average, and the lowest concentrations occurred during the fall-winter with 
concentrations 19% below the annual average. TSS had much higher concentrations 
during the spring (110% above annual average) and equal concentrations during the 
winter, summer, and fall (30-40% below annual average). 
The Ford River had highest concentrations for TN during the winter (99% above annual 
average) and lowest concentrations during the summer (51% below annual average). 
OrthoP and TP had consistent concentrations throughout the year with concentrations 
varying less 0.01 mg/L between seasons. TSS had highest concentrations during the 
winter (38% above annual average) and lowest concentrations during the fall (68% below 
annual average). 
Fox River had highest TN concentrations in the winter (20% above annual average) and 
lowest in the fall (24% below annual average). OrthoP experienced highest 
concentrations during the summer (84% above annual average) and lowest during the 
spring (48% below annual average). TP had highest concentrations during the summer 
(55% above annual average) and lowest concentrations during the winter (51% below 
annual average). TSS had highest concentrations during the spring-summer (30-39% 
above annual average) and lowest concentrations during the winter (72% below annual 
average). 
The Grand River experienced highest TN concentrations in the winter (35% above annual 
average) and low concentrations during summer (33% below annual average). OrthoP 
had equal concentrations throughout the year with seasonal fluctuations varying less than 
20% from the annual average. TP had highest concentrations during spring-summer (23% 
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and 32% above annual average, respectively) and lowest concentrations during fall (38% 
below the annual average). TSS had highly fluctuating seasonal concentrations with 
highest concentrations during the spring (162% above the annual average) and lowest 
during the fall (72% below the annual average). 
Indiana Harbor Canal had no seasonal variability for TN concentrations with a less than 
10% variation from the annual average. OrthoP had highest concentrations during the 
summer-fall (30-40% above annual average) and lowest during the winter (37% below 
annual average). TSS had consistent concentrations throughout the year with fluctuations 
less than 20% from the annual average. 
The Kalamazoo River had highest TN concentrations during the winter and lowest 
concentrations during the summer (38% above and below annual averages, respectively). 
OrthoP concentrations experienced no seasonal variability with fluctuations varying less 
than 20% from the annual average, and TP had highest concentrations during the spring-
summer (24-29% above annual average) and lowest concentrations during the fall-winter 
(25-28% below annual average). TSS concentrations were highest during the spring (70% 
above annual average) and lowest during the winter with the seasonal concentration 
averaging 39% below the annual average.  
The Manitowoc River had highest TN concentration during the winter (61 % above 
annual average) and lowest concentrations during the summer (42% below annual 
average). OrthoP concentrations were highest during the summer (45% above annual 
average) and lowest concentrations during the spring and fall (22% below annual 
average). TP had highest concentrations during the spring-summer (19-23% above annual 
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average) and lowest concentrations during the fall (33% below annual average). TSS 
concentrations were much higher for the spring with concentrations exceeding annual 
averages by 88% and lowest for the fall (50% below annual average). 
The Menominee TN concentrations were highest during the winter (84% above annual 
average) and lowest during the summer-fall (41% below annual average). OrthoP had 
highest concentrations during the winter and summer with seasonal averages measuring 
25% above annual averages, and fall concentration measured the lowest with the seasonal 
average registering 50% below the annual average. TP concentrations were equal 
throughout winter-summer (less than 20% variation from annual mean), but fall 
concentrations dipped to 50% below the annual average. TSS had highest concentrations 
during the spring (37% above the annual average) and lowest during the winter (23% 
below the annual average). 
The Milwaukee River had highest TN concentrations during the winter (35% above 
annual average) and lowest during the summer (40% below annual average). OrthoP and 
TP concentrations were even throughout the year with fluctuations varying by less than 
25% from the annual mean, but highest concentrations were seen in the spring for both 
nutrients. TSS had highest concentrations during the winter (46% above the annual 
average) and lowest concentrations during the summer (54% below the annual average). 
The Muskegon River had highest TN concentrations in the winter with the seasonal 
average measuring 51% above annual averages and lowest during the summer with the 
seasonal average measuring 36% below the annual average. Winter OrthoP 
concentrations were 63% higher than the annual average, and concentrations were 39% 
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below the annual average during spring. TP concentrations varied minimally throughout 
the year and varied from the annual mean by less than 20%. TSS concentrations were 
highest during the winter (36% above annual average) and lowest during the summer (39% 
below annual average). 
The St. Joseph River had highest TN concentrations in the winter and lowest in the 
summer (35% above and below annual average, respectively). OrthoP did not vary 
substantially throughout the year with seasonal fluctuations falling within 5% of the 
annual average. TP concentrations were highest during the spring (39% above annual 
average) and lowest during the summer (35% below the annual average). TSS 
concentrations were highest during the winter-spring (31-39% above annual average) and 
lowest during the summer-fall (35% below annual average). 
Table 3.3 Seasonal Averages of Nutrient Concentrations: Seasons defined as follows: 




TN OrthoP TP TSS 
Winter 1.60 0.07 0.09 15.00 
Spring 1.24 0.07 0.14 49.28 
Summer 1.05 0.13 0.14 15.17 







Table 3.3 Continued 
Ford River 
 
TN OrthoP TP TSS 
Winter 0.21 0.01 0.01 10.31 
Spring 0.10 0.01 0.02 9.47 
Summer 0.05 0.01 0.01 7.79 
Fall 0.06 0.01 0.01 2.38 
Fox River 
 
TN OrthoP TP TSS 
Winter 0.54 0.08 0.07 8.80 
Spring 0.53 0.05 0.13 43.30 
Summer 0.39 0.18 0.22 40.27 
Fall 0.34 0.08 0.15 31.82 
Grand River 
 
TN OrthoP TP TSS 
Winter 2.45 0.06 0.08 17.69 
Spring 1.94 0.08 0.14 95.71 
Summer 1.22 0.09 0.13 22.41 
Fall 1.67 0.07 0.06 10.08 
Indiana Harbor Canal 
 
TN OrthoP TP TSS 
Winter 2.89 0.08 0.08 11.73 
Spring 2.90 0.08 0.11 15.45 
Summer 2.57 0.17 0.13 15.06 
Fall 3.06 0.15 0.14 16.82 
Kalamazoo River 
 
TN OrthoP TP TSS 
Winter 1.63 0.03 0.05 15.11 
Spring 1.16 0.03 0.09 41.78 
Summer 0.73 0.03 0.09 25.46 
Fall 1.21 0.04 0.05 16.15 
Manitowoc River 
 
TN OrthoP TP TSS 
Winter 2.35 0.26 0.23 47.96 
Spring 1.05 0.21 0.31 125.39 
Summer 0.85 0.38 0.32 59.35 




Table 3.3 Continued 
Menominee River 
 
TN OrthoP TP TSS 
Winter 0.36 0.04 0.04 4.46 
Spring 0.19 0.03 0.04 7.91 
Summer 0.11 0.04 0.04 5.71 
Fall 0.11 0.02 0.02 5.05 
Milwaukee River 
 
TN OrthoP TP TSS 
Winter 1.14 0.08 0.11 38.62 
Spring 0.86 0.13 0.13 34.05 
Summer 0.51 0.12 0.09 12.08 
Fall 0.86 0.10 0.09 20.94 
Muskegon River 
 
TN OrthoP TP TSS 
Winter 0.53 0.02 0.02 5.36 
Spring 0.36 0.02 0.03 6.91 
Summer 0.22 0.03 0.03 3.11 
Fall 0.29 0.05 0.03 4.88 
St. Joseph River 
 
TN OrthoP TP TSS 
Winter 2.92 0.09 0.12 35.46 
Spring 2.25 0.09 0.14 37.71 
Summer 1.39 0.08 0.06 17.76 








Figure 3.3 Total Nitrogen Chemographs: Total Nitrogen concentrations in mg/L versus day of year for each study river. Data was 







Figure 3.4 Total Phosphorus Chemographs: Total Phosphorus concentrations in mg/L versus day of year for each study river. Data 







Figure 3.5 Orthophosphate Chemographs: Orthophosphate concentrations in mg/L versus day of year for each study river. Data was 







Figure 3.6 Total Suspended Sediment Chemographs: Total Suspended Sediment concentrations in mg/L versus day of year for each 




Overall, TSS concentrations had the highest seasonal variation across all study rivers. 
The lowest variability was seen within TP concentrations. The Ford River had the lowest 
overall concentrations of all nutrients measured. Highest seasonal TN concentrations 
were observed at Indiana Harbor and St. Joseph River. OrthoP concentrations were 
highest in the Manitowoc River. TP concentrations were highest in Manitowoc and Fox 
Rivers, and TSS was highest in the Grand River, Manitowoc River, and Burns Ditch.  
3.5.2 Chemostaticity and Episodicity 
3.5.2.1 Concentration versus Flowrate Trends 
All nutrient concentrations were plotted versus the log of the daily flowrate. 
Concentration versus flow (Q-C) plots are located in Figures 3.7-3.10. The trend line 
slope and 95% confidence interval were calculated for each plot and are located in Table 
3.4. Q-C plots with significant trends mean the nutrients cannot be considered 
chemostatic because the slope is significantly different from 0. A nutrient that is 
chemostatically related to streamflow would have a trend line slope of 0, a nutrient that is 
dilutive would have a slope less than 0, and an accretive nutrient would have a slope 
greater than 0. Burns Ditch had a significant TN, TP, and TSS trend. Ford River had a 
significant trend in TP, OrthoP, and TSS. Fox River had significant trends in TP and TSS. 
Grand River had significant trends in all nutrients. Indiana Harbor Canal had no 
significant trends in the Q-C plots. Kalamazoo River had significant trends with all 
nutrients. Manitowoc River had significant trends with TP, OrthoP, and TSS. The 
Menominee River had a significant trend for TN, TP, and TSS. Milwaukee River 
122 
 
experienced a significant trend in all nutrients. The Muskegon River experienced 
significant trends in TN, OrthoP, and TSS. Lastly, the St. Joseph River experienced 
significant trends in all nutrients. 
Table 3.4 Nutrient Trend Results Summary: Concentration versus flow trend line slopes 
and 95% confidence intervals for the concentration versus flow curves and concentration 
versus DOY curves. Underlined values are instances when the slope of the trend line is 
significantly different from 0 or not chemostatic. 
Burns Ditch 
  




Slope 0.11 0.05 0.01 45.25 
± CI 0.11 0.02 0.02 8.86 
Ford River 
  




Slope 4.97E-03 0.01 4.85E-04 3.31 
± CI 0.02 1.11E-03 2.37E-04 1.53 
Fox River 
  




Slope 0.26 -8.35E-03 -0.02 14.74 
± CI 0.06 0.02 0.02 6.96 
Grand River 
  




Slope 0.38 0.03 0.02 44.67 
± CI 0.15 1.14E-02 1.24E-02 28.68 
Indiana Harbor Canal 
  




Slope -0.11 0.02 -0.03 4.91 





Table 3.4 Continued  
Kalamazoo River 
  




Slope 0.3 0.02 1.01E-02 18.65 
± CI 0.13 1.10E-02 7.85E-03 12.76 
Manitowoc River 
  




Slope 0.02 0.05 0.03 29.2 
± CI 0.1 0.02 0.02 18.85 
Menominee River 
  




Slope 0.05 1.44E-02 9.11E-03 3.69 
± CI 0.03 6.41E-03 1.13E-02 0.98 
Milwaukee River 
  




Slope 0.14 0.02 0.01 9.34 
± CI 0.04 0.01 0.01 4.06 
Muskegon River 
  




Slope 0.11 1.33E-03 -9.28E-03 6.87 
± CI 0.06 4.03E-03 7.67E-03 2.47 
St. Joseph River 
  




Slope 0.67 0.08 0.04 25.22 








Figure 3.7 Total Nitrogen Q-C Plots: Total Nitrogen concentrations in mg/L versus flow in cubic meters per second for each study 







Figure 3.8 Total Phosphorus Q-C Plots: Total Phosphorus concentrations in mg/L versus flow in cubic meters per second for each 







Figure 3.9 Orthophosphate Q-C Plots: Orthophosphate concentrations in mg/L versus flow in cubic meters per second for each study 







Figure 3.10 Total Suspended Sediment Q-C Plots: Total Suspended Sediment concentrations in mg/L versus flow in cubic meters per 
second for each study river. Data was collected by the USGS 2011-2015 
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The majority of nutrient concentrations for all rivers were either chemostatic (no 
significant trend) or accretive (positive, significant trend). Only OrthoP for the Fox River 
and Muskegon River exhibited a dilutive relationship with streamflow. 
3.5.2.2 Gini Coefficients 
Using the available water quality data collected from 2011-2015 by the USGS, Gini 
coefficients, G, were calculated for total nitrogen, total phosphorus, orthophosphate, and 
total suspended solids for each study river. Additionally, the ratio of each river’s flow G 
over each nutrient G was calculated to assess the chemostatic behavior of each nutrient. 
A summary of results is located in Table 3.2. A higher G indicates more uneven, episodic 
delivery of that constituent while a lower G indicates even temporal delivery.  
For total nitrogen (TN) and total phosphorus (TP) loading, all rivers had Gini coefficients 
below 0.60 except for the Ford River. The Milwaukee, Menominee, and Ford Rivers had 
the highest Gini coefficients for orthophosphate (OrthoP), but all rivers registered below 
0.60. TSS Gini Coefficients were consistently higher across all rivers compared to the 
other measured constituents. The Ford, Manitowoc, and Milwaukee Rivers all 
experienced TSS G values higher than 0.6 indicating episodic nutrient delivery. 
The Milwaukee, Manitowoc, and Burns Ditch had Flow/TN G ratios higher than 0.8 and 
less than 1.2 indicating chemostatic behavior. Only the Fox River had chemostatic 
behavior for TP. The Milwaukee, Manitowoc, and Ford Rivers exhibited chemostatic 
behavior for OrthoP. No rivers had chemostatic responses for TSS. 
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Similar to patterns with the hydrology changes presented previously, patterns across 
watersheds were assessed using watershed land use percentages and watershed size. Plots 
of these relationships can be found in Figures 3.11-3.14. No significant trends were seen 
between the nutrients and percent agricultural land use. As the percent of developed land 
use increased, a small but significant decrease in Flow/OrthoP and Flow/TSS ratios were 
seen indicating that an increase in developed land use within a watershed causes the 
OrthoP and TSS loading to be less chemostatic. As the percent of natural land use 
increased across the watersheds, so did all Gini coefficients and Gini ratios. This means 
that as the percent of natural land increased within watersheds, nutrient loading became 
more episodic and chemostatic. No significant trends were seen between the Gini 






























Figure 3.14 Nutrient Gini Coefficients versus Watershed Area 
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3.5.2.3 Coefficients of Variation 
Another indicator of chemostatic behavior is the ratio of coefficients of variation for flow 
over a nutrient. As discussed in the methodology section, a CV-ratio less than 0.3 can be 
considered chemostatic behavior while a value greater than 0.3 can be considered non-
chemostatic (Thompson et al, 2011). CV values and ratios for each nutrient and flow 
were calculated and are reported in Table 3.2. By the 0.3 ratio threshold, only Burns 
Ditch had chemostatic TN and only Ford River had chemostatic behavior for OrthoP.  
3.5.3 Nutrient Loading 
Nutrient loading was calculated as seasonal totals averaged across 2011-2015. Results are 
reported in Table 3.5. 
Table 3.5 Seasonal Averages of Nutrient Loading: Nutrient loads calculated for each 
river on a seasonal average rate for 2011-2015. Annual loads were calculated by 
summing the seasonal averages. 
Burns Ditch 
 
TN [MT] OrthoP [MT] TP [MT] TSS [MT] 
Winter 220 10 10 2,020 
Spring 220 10 20 8,520 
Summer 140 20 20 2,000 
Fall 130 10 10 1,570 








Table 3.5 Continued 
Ford River 
 
TN [MT] OrthoP [MT] TP [MT] TSS [MT] 
Winter 10 0 0 290 
Spring 20 2 3 1,490 
Summer 2 0 1 290 
Fall 3 1 0 120 
Fox River 
 
TN [MT] OrthoP [MT] TP [MT] TSS [MT] 
Winter 500 70 60 8,140 
Spring 1,020 100 260 83,500 
Summer 310 140 180 31,940 
Fall 330 80 140 30,860 
Grand River 
 
TN [MT] OrthoP [MT] TP [MT] TSS [MT] 
Winter 2,370 60 80 17,080 
Spring 3,380 140 240 166,730 
Summer 880 70 90 16,210 
Fall 1,060 40 40 6,410 
Indiana Harbor Canal 
 
TN [MT] OrthoP [MT] TP [MT] TSS [MT] 
Winter 340 10 10 1,360 
Spring 360 10 10 1,910 
Summer 300 20 20 1,750 
Fall 300 20 10 1,680 
Kalamazoo River 
 
TN [MT] OrthoP [MT] TP [MT] TSS [MT] 
Winter 780 20 30 7,260 
Spring 730 20 60 26,460 
Summer 300 10 40 10,570 
Fall 460 20 20 6,170 
Manitowoc River 
 
TN [MT] OrthoP [MT] TP [MT] TSS [MT] 
Winter 120 10 10 2,470 
Spring 240 50 70 29,190 
Summer 40 20 10 2,730 





Table 3.5 Continued 
Menominee River 
 
TN [MT] OrthoP [MT] TP [MT] TSS [MT] 
Winter 190 20 20 2,400 
Spring 220 30 50 8,930 
Summer 60 20 20 2,800 
Fall 60 10 10 2,550 
Milwaukee River 
 
TN [MT] OrthoP [MT] TP [MT] TSS [MT] 
Winter 120 10 10 4,070 
Spring 240 30 30 9,280 
Summer 40 10 10 990 
Fall 70 10 10 1,680 
Muskegon River 
 
TN [MT] OrthoP [MT] TP [MT] TSS [MT] 
Winter 250 10 10 2,480 
Spring 280 10 20 5,460 
Summer 70 10 10 1,010 
Fall 110 20 10 1,850 
St. Joseph River 
 
TN [MT] OrthoP [MT] TP [MT] TSS [MT] 
Winter 2,570 80 100 31,230 
Spring 2,490 100 150 41,630 
Summer 830 50 40 10,580 
Fall 1,170 50 40 10,020 
 
Highest loads for all nutrients occurred during the spring season which coincides with the 
highest streamflow contributions. Lowest loads were found during the summer for TN 
and the fall for OrthoP, TP, and TSS. The Ford River had the overall lowest contributions 
of all nutrients and provided less than 1% of the total tributary average annual loads. 
Highest contributions for TN and TSS came from the Grand River with 33% and 34% of 
the total tributary annual load, respectively. Highest loads of OrthoP and TP came from 
the Fox River with 27% and 32% of the total tributary annual average, respectively. 
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Across all rivers, the Fox River, Grand River, and St. Joseph River were the dominant 
sources of annual nutrients. The three rivers combined provided 72% of the annual TN 
load, 68% of the annual OrthoP load, 71% of the total TP load, and 75% of the total TSS 
load. 
3.6 Discussion 
3.6.1 Chemograph Trends 
Average total nitrogen concentrations were found to show seasonality throughout the 
study areas. The strong seasonality in TN was expected because of the higher prevalence 
of agricultural land use within the Lake Michigan Basin which is a common source of 
total nitrogen within waterways, and these results align with patterns seen within other 
agriculturally dominated systems like the Mississippi River (Lohrenz et al, 1999). In the 
Mississippi River, TN exhibited highest concentrations during the spring and summer 
with decreased concentrations into the fall and lowest concentrations occurring during the 
late fall and early winter (Lohrenz et al, 1999). This seasonality directly mimics the 
decrease in fall and winter concentrations seen in all tributaries except for Indiana Harbor. 
Indiana Harbor had highest TN concentrations during the fall, but showed very little 
difference between seasonal averages, overall. Indiana Harbor has the highest urban land 
use with 81% and only 0.3% agricultural which could have caused the differing behavior. 
Lake Michigan is currently phosphorus limited which makes the temporal patterns of 
total phosphorus and the biologically available form of orthophosphate ecologically 
important (Schelske et al, 1974). The seasonal patterns of TP concentrations varied 
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between rivers with some experiencing highest concentrations during the summer while 
others had highest concentrations during the fall. The higher TP concentrations during the 
summer mimicked patterns seen in other river systems and were most likely due to the 
application of phosphorus to agricultural fields in the early spring (Jonnalagadda & 
Mhere, 2001). Many rivers did not show seasonality with OrthoP concentrations, but 
Burns Ditch, Fox River, Indiana Harbor, and Manitowoc River all showed higher 
concentrations during the summer. This pattern was also seen during previous analysis of 
the Mississippi River where seasonality of OrthoP did not follow any definitive patterns 
throughout the year (Lohrenz et al, 1999).  
An interesting result was the limitation of significant temporal trends in TSS. TSS 
concentrations are typically believed to be highly episodic and typically mimic the 
streamflow patterns within a river (Lewis et al, 2002). Burns Ditch, Grand, Kalamazoo, 
and Manitowoc Rivers had the expected average concentration seasonal patterns with 
seasonal variation exceeding the annual average by over 100% in many rivers, but other 
rivers showed much smaller variability throughout the year. For the watersheds that 
exhibited seasonal patterns, fall and winter had the lowest concentrations which align 
with results seen in watersheds outside this project’s study area (Jonnalagadda & Mhere, 
2001). 
3.6.2 Chemostaticity and Episodicity 
During 2011-2015, the study rivers averaged non-episodic TN, TP, and OrthoP loads on 
sampling days with averaged Gini coefficients of 0.28, 0.28, and 0.30, respectively. 
These averages are all considered steady, not episodic loading, and only the Ford River 
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exceeds 0.6 with its TN and TP Gini Coefficients. The TSS Gini coefficients had the 
highest variation watershed to watershed with the Muskegon River having the most even 
delivery of TSS with a Gini coefficient of 0.19 and the Ford River having a Gini 
coefficient of 0.76 (episodic).  
Closer evaluation of the Gini coefficient ratios analyzed that TN and TP registered the 
most chemostatically of the nutrients assessed meaning that the concentration of TN and 
TP varied least. These results agree with previous studies which found that TP and TN 
acted chemostatically within analyzed rivers and OrthoP and TSS both had accretive 
relationships (Thompson et al, 2009). This trend is also seen in the average CV-ratio 
values with TN and TP having the lowest values of the nutrients assessed. However, it’s 
important to note that neither of these nutrients averaged a CV-ratio below the 0.3 
threshold and, therefore, cannot be classified as chemostatic (CVTN/CVFlow = 0.64 and 
CVTP/CVFlow = 0.75). These results agree with previously published values of a total 
nitrogen CV ratio of 0.74 (Gall et al, 2013) and 0.49 (Thompson et al, 2011) compared to 
this project average of 0.64 and total nitrogen G-ratio of 0.71 compared to this project 
average of 0.60 (Gall et al, 2013). Both projects have Gini coefficient ratio values which 
fall within the non-chemostatic range. OrthoP CV-ratio for this project averaged 0.99 
compared to a previously published average of 0.7, and the TSS CV-ratio for this project 




3.6.2.1 Comparison of Methods 
The original hypothesis for this project was that TN, TP, and OrthoP would behave 
chemostatically across the Lake Michigan tributaries. It was surprising to find that few 
rivers actually had nutrients with chemostatic concentrations. For simplicity a summary 
of nutrients and rivers that were indicated to be chemostatic by the three methods are 














Table 3.6 Summary of Chemostaticity: Comparison between methods of determining 
chemostatic nutrient behavior. Only rivers and nutrients that were assessed to be 
chemostatic by at least one method are shown in the table. 
River Nutrient 
Method 
Q-C Slope GFlow/Gc CVc/CVFlow 
Fox TP x x 
 










































Of the three methods, the basic analysis of Q-C plot trend line analysis appeared to over-
estimate the chemostatic behavior of nutrients in comparison to the two ratio methods. 
However, because the trend line slope is the traditional method classifying the Q-C 
relationship and has been shown to be the most accurate Q-C relationship in previous 
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studies (Dolan et al 1981; Pionke et al, 1999), the disconnect between the Q-C trend line 
results and the two ratio results most likely indicates a need to perfect the G-ratio and 
CV-ratio thresholds used to determine if a nutrient is chemostatic or not. For example, 
increasing the G-ratio range for chemostaticity from 1±σ to 1±1.5*σ and adjusting the 
CV-ratio chemostaticity range from less than 0.3 to less than 0.5 increased the agreement 
between the G-ratio and CV-ratio method in three nutrients in the Milwaukee River (TN, 
TP, and OrthoP) However, this adjustment does not alter the agreement between the trend 
line slope with either the CV-ratio or G-ratio methods. A possible explanation for the 
variation between the slope intercept method and the G-ratio and CV-ratio methods is the 
assumption that nutrients are chemostatic if the slope ± the 95% confidence interval 
includes 0. Although this is a statistically reasonable assumption, overlap up to 25% can 
occur in situations while still having data that has a significant trend (not chemostatic) 
(Sauro & Lewis, 2012; Penn State Eberly College of Science, 2016). It is recommended 
to investigate this issue further in future work along with the continued assessment of 
thresholds as more nutrient data becomes available through continued sampling. 
3.6.3 Nutrient Loading 
As expected, the largest nutrient loads were contributed by three of the four largest 
watersheds that outlet into Lake Michigan. With the Fox River, St. Joseph River, and 
Grand River contributing an average of more than 70% of the studied nutrients, 
remediation and prevention efforts could focus on these watersheds to provide effective 
nutrient load reductions. From an ecological stand point, the Great Lakes are considered 
phosphorus limited which means that phosphorus contributions currently affect algal 
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blooms (Dolan & Chapra, 2012). In 1976 TP load targets were established for each of the 
Great Lakes and the Lake Michigan target was set to 5600 MT/year (Dolan & Chapra, 
2012). In a 2012 study conducted by Dolan et al, average annual TP load from 1994-2008 
for monitored tributaries in Lake Michigan equaled 2156 MT. The average annual TP for 
this study equaled just below 2000 MT/year. These results show a theoretical decrease in 
annual TP load for monitored tributaries of about 7%, however it is important to note that 
the Dolan et al study included more tributaries within their monitored tributary 
calculation that were not measured by the USGS from 2011-2015. 
3.7 Conclusion 
Nutrient loading can greatly impact the health of the receiving water (Scavia et al, 2014). 
The relationship between concentration and streamflow is a powerful influence especially 
in the Great Lakes where increases in streamflow are predicted within the near century 
(Cherkauer & Sinha, 2010). In this project, the majority of significant Q-C trend line 
slopes were positive indicating an increase in concentration as flow increases, and only 
OrthoP within the Fox and Muskegon Rivers indicated a significant dilution effect 
(decreasing concentration with increasing streamflow). These results indicate the 
possibility of nutrient loading increases within the next century due to predicted increases 
in streamflow (Cherkauer & Sinha, 2010) boosting the loading directly and also 
indirectly through higher nutrient concentrations. Even the nutrients that were found to be 
chemostatic pose an ecosystem health risk because rising streamflows and constant 
concentrations would still cause an overall increase in tributary nutrient loading. 
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This project was unique because it utilized newly available water quality data that not 
only had relatively high temporal coverage, but also had high spatial coverage around the 
Lake Michigan tributaries. The existing data appears to capture a wide range of flows 
from the 5th percentile to the 99th percentiles of flow for most tributaries, and calculated 
nutrient loads align with previously published values indicating that sampling occurred 
during years that are representative of typical conditions; however, it is recommended to 
continue to develop Q-C relationships as new data becomes available. Continued 
sampling not only allows for the development of more robust Q-C relationships, but also 
allows for further analysis of interannual variability which may develop due to varying 
land use practices within the region. As a component of the Q-C relationship 
development, further investigating relationship thresholds (i.e. chemostatic versus non-
chemostatic thresholds) is recommended in order to minimize the varying results seen 
between the three characterization methods utilized within the project. In order to 
develop more accurate thresholds, the expansion of the study area to other Great Lakes 




CHAPTER 4. LAKE MICHIGAN RIVER PLUME CLASSIFICATION, 
CHARACTERIZATION, AND WATER QUALITY 
4.1 Summary 
River plumes have also been found to have higher sediment and contaminant 
resuspension rates than open waters (Charlton, 1983). These dynamics can reintroduce 
nutrients and harmful contaminants like heavy metals into the water column which could 
cause changes in ecosystem behavior as well as a threat to drinking water sources 
(Charlton, 1983; Horner-Devine et al, 2008).The shape, size, composition, and trajectory 
of river plumes collectively dictate how river plumes affect nearshore ecosystems and 
coastal communities (La Pape et al, 2003; Fong, 1998; Fong & Geyer, 2002).  
This project aims to characterize river plume behavior in Lake Michigan through daily 
classification and horizontal and vertical characterization. River plumes were assessed at 
the Grand River, St. Joseph River, Milwaukee River, and Trail Creek from 2011-2013. 
For these study years, the study rivers averaged 49% total flow during plumes that 
directly affected the nearshore region while 18% mixed into the offshore water and 33% 
was delivered during negatively buoyant river plumes. Sampling was conducted at St. 
Joseph River, Grand River, and Trail Creek in order to capture the horizontal and vertical 
plume structure. The mean plume size for the St. Joseph River was 1.8-3.8 km2 with a 
standard deviation of 0.8-1.6 km2. For the Grand River, the mean plume size was 0.7-2.6 
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km2 with a standard deviation of 0.5-1.5 km2. The Trail Creek plumes never exited the 
river mouth on sampling days and the river water was mixed completely with lake water 
upstream from the outlet. On all sampling days with vertical sampling, the St. Joseph 
River plume lifted off the river bottom before exiting the river mouth except for the May 
1, 2012 plume. Plumes lifting off of the bottom outside the river channel indicate plumes 
with high density difference between river and lake water and high streamflow.  
The localized impact of river plumes (found with both high occurrence of nearshore 
plumes and small plume extent) paired with higher nutrient levels within river water 
could cause nearshore water quality impairment. 
4.2 Introduction 
In the Great Lakes and coastal areas, river water greatly influences the function of 
nearshore ecosystems. Higher juvenile fish survival rates have been seen in Great Lakes 
river plumes with higher nutrient concentrations providing higher food abundance and 
higher turbidity providing protection from predation in the Maumee River (Lake Erie) 
(Reichert et al, 2010). This occurrence is not isolated to the Great Lakes and is also seen 
in oceanic systems like the Mississippi River (Grimes & Finucane, 1991), the Cooks 
River and Georges River in Australia (Kingsford & Suthers, 1996), and the Guadalquivir 
and Guadiana Rivers in Spain (Garcia-Isarch, 2006). River plumes have also been found 
to have higher sediment and contaminant resuspension rates than open waters (Charlton, 
1983). These dynamics can reintroduce nutrients and harmful contaminants like heavy 
metals into the water column which could cause changes in ecosystem behavior as well 
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as a threat to drinking water sources (Charlton, 1983; Horner-Devine et al, 2008). In fact, 
during a study on Lake Michigan bacteria within a combination system of resuspended 
sediment and river water were found to have a growth rate 11 times higher than a lake 
water control (Johengen et al, 2008). 
Additionally, rivers can deliver excess nutrients and harmful bacteria to the nearshore 
region and neighboring beaches. For example, Lake Michigan frequently experiences 
beach closures due to the impact of E. coli in river plumes (Thupaki et al, 2010). The 
presence of fecal matter on beaches not only poses an environmental and human health 
risk, but also loses important economic revenue estimated between $7,935 and $37,030 
per day (Rabinovici et al, 2004). 
The shape, size, composition, and trajectory of river plumes collectively dictate how river 
plumes affect nearshore ecosystems and coastal communities.  The shape and size of a 
river plume influences the residence time of nutrients and contaminants exiting the river 
and can dictate the effect the plume has on nearby ecosystems (La Pape et al, 2003). The 
trajectory of the plume determines the location plume water will affect the most. For 
example, if plumes remain mainly in the nearshore region, the water composition has 
greater influence on the conditions along the shoreline (Fong, 1998; Fong & Geyer, 
2002). These plume characteristics, in turn, depend on the physical variables describing 
the river input, receiving water, and meteorological conditions (primarily wind) (Horner-
Devine, 2015), and these factors can be used to classify the expected character of the 
plume (Nekouee et al, 2013; Jones et al, 2007).  
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In many studied ocean systems, relatively small channel widths coupled with high 
flowrates cause momentum to dominate over buoyancy (Jones et al, 2007; Horner-Devine, 
2015); however, the majority of Great Lakes rivers are thought to be buoyancy driven 
with only a few exceptions including the Niagara River (Masse & Murthy, 1990). 
Density differences (buoyancy) between the river and receiving water will also affect the 
vertical structure of the plume as well as the speed at which the plume spreads. Higher 
density differences will cause the plume to stratify away from the receiving water and 
spread faster, while lower density differences will allow for increased rates of mixing at 
the river mouth between the two types of water (Hetland, 2010; Masse & Murthy, 1990). 
The ambient lake/ocean current strength and direction at the river mouth will influence 
the direction the plume travels once it exits, and since nearshore currents are primarily 
along-shore, ambient currents serve to potentially deflect the plume along one shoreline 
or another (Fong, 1998). Wind at the river mouth is another important factor, and it 
influences both plume mixing rates with ambient water, as well as the direction plumes 
will travel (Horner-Devine, 2015). Not only does the wind stress directly influence plume 
dilution and trajectory, but it also can influence the current strength and direction of the 
receiving water (lake or ocean), which also influences the plume as described earlier 
(Masse & Murthy, 1990). The river plume will hug the shoreline and stay in the 
nearshore region in the presence of strong along-shore currents and strong positive 
direction cross-shore winds (towards shore); the plume will mix into the deeper offshore 
water while the along-shore current is weak and there is a strong offshore wind; or in the 
absence of strong wind and current the plume will disperse from the river mouth at a 
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speed controlled primarily by the river discharge and temperature differential between the 
lake and river water.  
Examples of these behaviors can be found in many oceanic systems. The Eel River 
(California) plume direction and size are greatly influenced by river flow rates and wind 
directions (Geyer et al, 2000). Following storm events (marked with elevated flow rates), 
large plumes exit the river mouth and are pushed northward by southerly winds. Also, the 
plume is vertically very stable due to large density differences helping the plume retain a 
consistent depth (Geyer et al, 2000). The Columbia River plume is also greatly 
influenced by wind directions with the traditional behavior causing the plume to travel 
northward in the winter and southward in the summer; however it forms more complex 
shapes during seasonal periods of transition with the river plume often traveling both 
north and south along the coastline at the same time (Berdeal et al, 2002; Hickey et al, 
2005). 
Although plumes in the Great Lakes are mainly driven by wind, temperature, and lake 
current (Nekouee et al 2013), a factor often neglected when assessing Great Lakes river 
plumes is the effect of rotation of the earth. Many of the large plumes which outlet into 
the ocean such as the Mississippi, Columbia, and Merrimack rivers are of sufficiently 
large scale that the Earth’s rotation (Coriolis Effect) influences the plume. However, 
smaller plumes potentially do not feel the influence of the Coriolis Effect because the 
plume signature is lost through mixing too quickly (Garvine, 1995). The Coriolis Effect’s 
impact on plume behavior is greatest during periods when current and wind push the 
plume in the opposing direction of natural rotation. In the Great Lakes, the Coriolis Effect 
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pushes plumes to the river’s right after they exit the river mouth, so it has the potential for 
changing plume behavior for plumes pushed to the left by wind and current. 
The vertical structure of a river plume also plays an important role in plume influence on 
the nearshore region. The vertical structure of the plume at the mouth of the river is 
mainly driven by the temperature based density difference between the river and the lake 
water (Horner-Devine et al, 2015). During periods when the river is less dense than the 
lake water, the plume will become surface trapped after separating from the bottom at the 
“lift-off” point; when the river water is denser than the lake water the plume will be 
negatively buoyant, causing the plume water to plunge, traveling along the lake bottom 
until it becomes mixed into the water column. In the situation when there is minimal 
density difference between the river and lake water, the water column will mostly be 
mixed with minimal signature of the plume. Attempts to develop models of Great Lakes 
river plume behavior have difficulties capturing the highly transitional zone near river 
mouths (Nekouee et al, 2015 (A)) and previously limited vertical sampling made the 
behavior of the plume difficult to predict at this location. However, recently published 
research has shown the ability to predict plume behavior in the nearshore region 
specifically for the purpose of modeling contaminant transport through the vertical 
structure at the Grand River in Lake Michigan (Nekouee et al, 2015 (B)). 
While research has been conducted on Great Lakes’ river plumes, research has been 
limited in comparison to equivalent ocean systems and substantial knowledge gaps still 
exist. For example, the behavior and classification of plumes has been studied within a 
Lake Michigan tributary (Nekouee et al, 2013), but the study was limited to a single 
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tributary during June and July which limits the information on plume behavior 
seasonality as well as transferability to other systems. Research has also been conducted 
looking at the potential effect of river plume water on ecosystem growth (Johengen et al, 
2008), but understanding is still limited of the timing and spatial characteristics of 
nutrient loading via river plumes. This knowledge gap has been previously driven by lack 
of overall data availability. 
Each of these situations can influence the nearshore region differently with contaminants 
being delivered to varying locations and portions of the water column; therefore, 
understanding the behavior of the plumes is important.  Moreover, the characteristics of 
plumes vary not only by river, but should also vary on both episodic and seasonal time 
scales. This project aims to characterize river plume behavior in Lake Michigan through 
daily classification and horizontal and vertical characterization.  
4.3 Research Questions and Hypothesis 
Research Questions: (1) How frequently do river plumes impact the nearshore region, 
and are there seasonal trends visible in river plume classification; (2) How far do river 
plumes spread horizontally within Lake Michigan before mixing into the lake water?; (3) 
How do river plume vertical structures vary throughout the year?; (4) How does lake and 
river water quality vary from each other and temporally throughout the year?  
 
Hypothesis: Because of their small size in comparison to oceanic river plumes, Lake 
Michigan river plumes will primarily impact the nearshore region. River plumes will 
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remain surface trapped during warmer seasons, but will be negatively buoyant during the 
winter and periods of high temperature change (early spring and late fall). Lake water 
will have lower nutrient concentrations throughout the year compared to river water.  
4.4 Methodology 
4.4.1 Study Areas 
Rivers studied in this project include the Grand River (Grand Haven, MI), St. Joseph 
River (St. Joseph, MI), Milwaukee River (Milwaukee, WI), and Trail Creek (Michigan 
City, IN). A map showing the locations of the river watersheds is located in Figure 4.1.   
 
 
Figure 4.1 River Plume Study Area Watersheds: Study areas for this project include four 
watersheds. The St. Joseph River and Grand River are predominantly located within 
Michigan on the east coast of Lake Michigan, Trail Creek is located in Indiana and is the 
smallest watershed located along the southeastern Lake Michigan coast, and Milwaukee 




The Grand River is the largest tributary studied with a mean annual flow rate of 110m3/s 
and a watershed total area of 1630 km2. Land use within the Grand River is 
predominantly agricultural with 47% agricultural, 13% developed, 27% natural, and 13% 
water. The St. Joseph River is very similar to the Grand River with an annual mean 
flowrate of 103m3/s and 1,472km2 watershed area. The St. Joseph River watershed is the 
most agricultural of the four study areas with 48% agricultural, 12% developed, 22% 
natural, and 19% water land use. The Milwaukee River has a mean annual flow of 13m3/s 
and a watershed area of 1417km2. Its watershed is also the most developed of the four 
study areas with 7% agricultural, 47% developed, 44% natural, and 2% water land use. 
Lastly, Trail Creek is the smallest of the rivers studied with a mean flowrate of only 
2m3/s. The total contributing watershed is 181 km2, and Trail Creek also has the most 
natural watershed with 19% agricultural, 23% developed, 57% natural, and 1% water 
land use. 
4.4.2 Data  
River plumes were analyzed using a combination of available meteorological and 
streamflow data; satellite-derived water temperatures; modeled lake water temperature 
and currents; and boat-based data collected during 2011 and 2012.  Estimates of daily 
Lake Michigan water temperature data were obtained from the Great Lakes 
Environmental Research Laboratory (GLERL) CoastWatch system which reports satellite 
imagery from the NOAA polar orbiting satellite (NOAA).  Daily river streamflow and 
temperature were obtained from the USGS streamflow and water quality website (USGS), 
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except for Trail Creek where temperature data was collected during periods of no ice 
cover in 2011 and 2012 by a sensor installed by Purdue University near the mouth of the 
river.  USGS water quality (total nitrogen, total phosphorus, total suspended sediment, 
and soluble reactive phosphorus) data was also available for 2011-2012. Daily Lake 
Michigan water velocity, air temperature, and wind velocity data was collected from the 
GLERL Nowcast model with 2km grid cells (GLERL).  Figure 4.2 shows the locations 





Figure 4.2 Maps of data locations for the Grand River, St. Joseph River, Milwaukee 
River, and Trail Creek: Hexagon points indicate the location of plume sampling 
conducted by Purdue University; circles denote the location of CoastWatch data (lake 
temperature); squares indicate the location of Nowcast modeling data used for each river 
(air temperature, wind speed, and lake current); and triangles mark the location of the 







4.4.2.1 Data Processing 
In order to calculate the along-shore and cross-shore components for wind and current, 
the bathymetric shoreline was calculated for each river by plotting the east and north 
components of lake current. These plots are located in Figure 4.3. Using the assumption 
that cross-shore currents will be minimized at the shoreline, the bathymetric shoreline 
was determined to be 355º for the Grand River, 45º for the St. Joseph River, 330º for the 







Figure 4.3 Shoreline Orientation for Each Study River: The angle of the bathymetric shoreline was calculated for each study river by 
plotting the northern lake current component versus the eastern lake current. The plus signs indicate which directions are considered 
positive along-shore and cross-shore. 
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After initial investigation, it was discovered that the Milwaukee River USGS temperature 
gages were located deep enough in the water column (sensors at 2.4 and 4.9 meters depth) 
that both gages were actually registering lake temperature data instead of river water. To 
estimate the river water temperature, available historic air temperature and upstream 
water temperature data was utilized from the only period available, 2002-2003 (USGS 
gage 04087000).  A weighted linear regression was performed to relate the daily river 
temperature with the previous 7-day average air temperature producing Equations 4.1 and 
4.2 located in Table 4.1. Equation 4.1 is applied during the winter and fall (DOY<78 and 
DOY>264) while Equation 4.2 is only applied during the spring and summer (DOY 78-
264). The DOY ranges were selected to coincide with the official season definitions. 
Temperature and day of year ranges were selected to minimize error and maximize the 
coefficient of determination (R2). After plotting the estimated river temperature versus 
the observed river temp, the resulting best fit line gave a slope of 0.95 with an R2=0.94 
and normalized mean square error (NMSE) of 0.0408 ºC/ºC. This relationship only holds 
for the Milwaukee River and was not transferable to either the Grand River or St. Joseph 









Table 4.1 Parameter Descriptions and Definitions: Definitions for parameters and 















Parameter Description and Name Equation
Aplume Surface area of plume
b River width at river outlet
ci Measured specific conductivitiy at location i
clake Specific conductivity of pure lake water
criver Specific conductivity of pure river water
d Full river depth at outlet
di River depth at location i
f Coriolis parameter
h Plume depth at the river outlet
hfavg Average thickness of plume calculated by hf
ρ Density
Q Full river depth flowrate
Tair Air Temperature
ualong Along-shore lake current at river outlet
Wonshore On-shore wind velocity (+ towards shore)
Formula
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Table 4.1 Continued 
 
 
This method of estimating was not possible for Trail Creek due to data availability 
limitations. The Trail Creek temperature data set does not contain any values during the 
winter months of mid-December through early March. This limits the ability to develop 
an accurate temperature estimation method because developed equations may be skewed 





Depth-normalized plume-crossflow length 
scale
Reduced Gravitational Acceleration




T Residence time of plume
7
Full depth densimetric Froude numberFrd 8
Rossby RadiusRo
9
hf Estimated plume thickness
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4.4.2.2  Field Sampling 
Field sampling involving Sonde profiling and water quality sampling was conducted 
during the period May-October in 2011 at the St. Joseph River and Trail Creek and May-
October in 2012 at St. Joseph, Trail Creek, and Grand Rivers. Weekly sampling was 
completed at the St. Joseph River and Trail Creek while only two complete sampling 
days were conducted at the Grand River. Figure 4.4 shows the temporal distribution of 
plume sampling and USGS water quality sampling for the St. Joseph River, Trail Creek, 
and Grand River. For each river, baseline sampling typically included six sites located 
within Lake Michigan, one site at the mouth of the river, and one point further upstream. 
A map of the typical sampling configuration can be seen in Figure 4.5. Baseline sampling 
included sonde casts, water samples, light meter readings, and Secchi depths. Sonde 
readings measured temperature, pressure, conductivity, dissolved oxygen, and turbidity 
data, and were taken at the water surface (top 1.5 meters) as well as vertical profiles at 








Figure 4.4 Plume Sampling Temporal Distribution: Plume sampling was conducted during the summer months of 2011 and 2012 by 
Purdue University. Days in which plume sampling occurred are indicted with red circle points. USGS also conducted water quality 







Figure 4.5 Sampling Locations at St. Joseph River: Sampling was conducted for this project during the summers of 2011 and 2012. 
Sites 1 and 5 were considered a pure lake signal as river water was rarely detected at these locations. Sites 7 and 8 were collected as 




For nutrient data collected during water sampling, 2 meter deep depth-integrated water 
samples were taken from the top 2 meters of water (Olsen et al, 2016). Then total 
nitrogen concentrations were measured using ultraviolet spectrophotometry, and total 
phosphorus and soluble reactive phosphorus concentrations were measured using 
colorimetric assays (Olsen et al, 2016; Chislock et al, 2014). Total suspended sediment 
was collected and measured following EPA Method 160.2 (Environmental Protection 
Agency, 2015). 
4.4.3 River Plume Classification 
Classification of plume behavior was conducted for the Grand, St. Joseph, and 
Milwaukee Rivers from 2011-2013 and for Trail Creek 2011-2012 on days when river 
temperature data was available. In order to classify plume behavior, the Nekouee et al 
(2010, 2013) classification scheme was used. The Nekouee (2010, 2013) classification 
scheme was modeled after an oceanic scheme proposed by Jones et al (2007), but added 
classifications based on cross-shelf wind strength, which can deflect the plume and alter 
its trajectory and focused on plumes instead of higher momentum jets. According to the 
Nekouee et al classification chart, river plumes in the Great Lakes fall into six different 
categories depending on the magnitude of cross-shore wind, along-shore lake current, and 
streamflow. In situations where there is low wind and current, the river plume will 
disperse from the river mouth symmetrically and is classified as ‘radial spreading’. When 
there is strong along-shore current, the plume is ‘shore attached’ and immediately hugs 
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the shore upon exiting the river mouth. When there is strong towards-shore wind causing 
the plume to curve back towards shore after leaving the river mouth, the plume will form 
either a ‘side deflecting’ or a ‘diffuse shore impacting’ plume with conditions being 
similar in the two classifications except for the presence of stronger winds for the diffuse 
shore impacting which causes the edges of the plume to become less defined and more 
mixed. In the opposite situation, a strong wind away from shore pushes the plume away 
from shore into the deeper open water and either produces an ‘offshore spreading’ or 
‘diffuse offshore spreading’. The only difference between offshore spreading and diffuse 
offshore spreading is the strength of the wind with the wind being stronger with diffuse 
offshore spreading causing less visible, more mixed plume boundary edges.  
For the purposes of this research, these classifications were simplified down into three 
categories: (1) nearshore plumes, (2) offshore plumes, and (3) negatively buoyant. 
Nearshore plumes contain all plumes that directly impact the nearshore region 
specifically the plumes previously classified as shore attached, side deflecting, and 
diffuse shore impacting. Offshore plumes are plumes that mix into the deeper offshore 
water including plumes previously classified as radial spreading, offshore spreading, and 
diffuse offshore spreading. Lastly, the negatively buoyant plumes are classified by 
themselves because they have the potential to mix into both the nearshore and offshore 
regions and also impact the bottom sediment more than positively buoyant plumes. Using 
thresholds outlined by Nekouee et al (2010, 2013), plume classifications were completed 
using Table 4.2 thresholds with descriptions of parameters located in Table 4.1 and 
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Equations 4.3-4.5 also located in Table 4.1. Plume classification was conducted for each 
day with available data for 2011-2013. 
 
Table 4.2 Plume Classification Parameters and Thresholds: Thresholds for each plume 
type were determined using previous results in Nekouee et al 2012. 
Parameter Threshold Plume Classification 

































4.4.4 River Plume Spatial Characterization 
4.4.4.1 Plume Water Tracking 
Specific conductance has been previously found to be a robust marker that distinguished 
river plume water from ambient lake water for all rivers analyzed herein (Grimm et al, 
2013). In previous analysis conducted by Grimm et al (2013), temperature turbidity, and 
specific conductance were investigated as potential markers of plume water versus lake 
water. Turbidity and temperature were found to not accurately delineate plume structure 
because of sediment mixing and settling and heat transfer between the air and water 
interface and lake and river interface. Specific conductivity was the other parameter 
measured that could be considered conservative and was therefore the most accurate 
measure of plume location (Grimm et al, 2013). 
On plume sampling days specific conductivity values were measured for each location 
shown in Figure 4.5. Specific conductivity was then converted to “relative conductivity” 
using Equation 4.6 found in Table 4.1 and pure lake and river samples as the reference 
values. With this normalization, pure river water has a relative conductivity of 1, and 
pure lake water has a relative conductivity value of 0. 
4.4.4.2 Horizontal Structure 
The horizontal extent of the river plumes was estimated from the boat-based sampling 
using two methods. The first method was linear interpolation and extrapolation with pairs 
of measurements. For the second method, the inverse distance weighted (IDW) 
interpolation tool within Arc-GIS 10.1 was used to create a grid. For the IDW method, a 
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rectangular mask that spanned the width and height of the sampling grid was applied to 
limit calculations to only regions near available input points. Calculation boundaries were 
also created along the lake shore in order to prevent sampling locations upstream in the 
river from greatly affecting values along the shore.  
Both methods were applied to all sampling days conducted on the St Joseph River in 
2012. Comparison between calculated plume areas yielded minimal difference between 
methods as seen in Figure 4.6. Because of the similarities in performance (R2=0.77 
between the plume areas calculated by the two methods) the linear interpolation and 
extrapolation method was chosen for all further plume boundary calculations because of 







Figure 4.6 Comparison of IDW Method for Calculating Plume Size against Direct Linear 
Interpolation Method: Both methods use a 0.5 relative conductivity threshold to 
determine plume boundary locations. (R2=0.77) 
Using the interpolation results, the plume boundary was created assuming two relative 
conductivity thresholds: crel=0.5 and crel=0.2. Utilizing both thresholds created an upper 
and lower bound of estimated plume size.  Arc-GIS 10 was then used to determine the 
plume area size. 
4.4.4.3 Estimates of Vertical Structure 
The vertical thickness of the river plume was estimated using conductivity data from 
vertical sonde casts and Equation 4.7 found in Table 4.1 (Geyer et al, 2000). 
To determine whether the plume liftoff point was located within the river channel or 
within the lake, the full depth densimetric Froude number was calculated on a daily basis 
for 2011-2013 using Equation 4.8 in Table 4.1. When the Froude number is less than one, 



























Linear Interpolation Plume Area [square meters]
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However, when the Froude number is larger than one, the liftoff point is located 
downstream of the river mouth and into the lake.  
4.4.4.4 Residence Time 
Residence time for substances within the plume was calculated using Equation 4.9 
located in Table 4.1. 
4.4.4.5 Rotation  
In order to assess the influence of the Coriolis Effect on the studied river plumes, the 
Rossby Radius (Equation 4.10 in Table 4.1) was compared to the width of the plume. The 
greater the plume width is compared to the Rossby Radius, the great the influence 
rotation will have on the plume. Likewise, the smaller the plume width is compared to the 
Rossby Radius the less influence rotation will have on the plume. Plume depth was 
calculated directly from measurements when available (Equation 4.7 in Table 4.1) and 
the average plume thickness was used for the remainder of the period (average plume 
thickness: 1.2±0.7m).  
4.5 Results 
4.5.1 Physical and Chemical Characteristics 
A summary of all air, lake, and river data used in the plume classification can be seen in 
Table 4.3 calculated on a seasonal basis. Along-shore lake current values were highest for 
all rivers during the winter and fall, when winds are strongest. During these seasons, the 
variation of lake current velocities was also higher with standard deviations averaging 
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about 1.8 times greater for all rivers; however, this trait was much lower in the 
Milwaukee River which experienced much smaller variation between seasons and a 
smaller annual standard deviation overall. Similar patterns were seen in cross-shore wind 
magnitude although the variability between seasons was much lower (1.3 factor of 
difference average). Air, river, and lake temperature values followed excepted trends with 
lows occurring during the winter and highs during the summer; spring and fall displayed 
the greatest seasonal variability for all rivers. River flowrates and variability were highest 






Table 4.3 Air, Lake, and River Parameters Used in River Plume Classification: For all parameters raw data was used to calculate the 
median seasonal value and standard deviation except for current and wind. For wind and current, [*] indicates the median and standard 
deviation of the absolute values, [+] indicates the median value of only positive data, and [-] indicates the median value of only 
negative data. North and east are positive, and south and west are negative for both wind and current. Along-shore components are 
considered positive in the shore direction with mostly northern direction, and cross-shore is positive towards shore.  
 
Along-shore Current [m/s] Cross-shore Wind [m/s] Air Temp [C] River Flow [m3/s] River Temp [C] Lake Temp [C] 
ũ* + ũ - ũ σ* ũ* + ũ -ũ σ* ũ σ ũ σ ũ σ ũ σ 
Grand 
River 
W 0.10 0.10 -0.10 0.10 4.84 5.39 -4.32 3.17 0.86 2.85 126.29 71.72 1.45 1.86 1.58 1.73 
Sp 0.06 0.07 -0.05 0.06 3.59 2.96 -4.17 2.57 8.69 4.89 179.81 168.51 15.80 5.44 7.83 4.24 
Su 0.06 0.07 -0.05 0.05 2.94 2.91 -3.02 1.82 20.75 2.89 52.67 54.29 24.05 2.82 21.35 2.17 
F 0.11 0.11 -0.11 0.11 4.48 5.30 -3.99 3.10 8.82 5.09 65.84 45.43 8.25 5.13 11.08 3.91 
St. Joseph 
River 
W 0.10 0.12 -0.05 0.10 3.87 4.43 -3.64 2.39 0.78 3.47 127.71 51.05 2.70 2.29 1.50 1.70 
Sp 0.04 0.05 -0.04 0.05 2.85 2.63 -2.96 1.96 9.21 5.24 120.35 70.47 16.80 5.16 9.81 4.89 
Su 0.03 0.03 -0.03 0.03 2.70 2.54 -2.77 1.75 21.36 3.01 52.53 28.59 24.10 2.38 22.53 2.24 
F 0.07 0.10 -0.04 0.10 3.97 4.52 -3.81 2.45 8.93 5.41 60.46 54.24 9.20 5.01 11.25 4.38 
Milwaukee 
River 
W 0.07 0.04 -0.09 0.07 4.45 4.98 -3.59 3.33 0.98 2.74 13.93 17.64 1.08 1.25 1.33 1.43 
Sp 0.04 0.03 -0.05 0.06 3.69 3.27 -3.98 2.98 7.64 4.76 36.25 39.54 7.73 4.16 7.76 4.12 
Su 0.03 0.03 -0.05 0.04 3.40 3.83 -2.91 2.58 20.96 2.74 6.37 8.85 20.93 2.32 20.67 2.11 
F 0.06 0.05 -0.08 0.06 4.22 4.81 -3.31 3.47 8.69 4.86 10.43 8.40 8.91 4.51 7.64 4.27 
Trail 
Creek 
W 0.05 0.06 -0.03 0.06 4.77 5.60 -3.24 3.95 1.35 3.60 1.78 0.37 NA NA 1.75 1.89 
Sp 0.02 0.03 -0.02 0.03 3.03 2.46 -3.24 2.56 9.46 4.94 1.59 0.66 14.02 3.13 10.69 4.46 
Su 0.02 0.04 -0.01 0.02 2.49 2.38 -2.64 2.24 22.16 2.96 1.02 0.51 23.49 2.52 23.20 2.05 
F 0.04 0.05 -0.02 0.06 3.25 4.05 -2.70 3.79 9.09 4.49 1.36 1.20 11.04 3.70 10.60 3.99 
* Absolute value of data taken before calculations 
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Hydrographs for all study rivers are shown in Figure 4.7. The Milwaukee River and Trail 
Creek experienced greater flashiness calculated by the R-B Index (Baker et al, 2004) 
compared to the larger Grand and St. Joseph Rivers. For all study years, flowrate peaked 
during the late winter and early spring. The Grand and St. Joseph Rivers appeared to 
behave similarly in seasonal patterns and streamflow magnitude. 
 
Figure 4.7 Streamflow Measurements 2011-2013 in m3/s for All Study Rivers: Trail 
Creek streamflow was only presented during 2011-2012 to align with the years plume 
classification was completed. **Because of the much lower flowrates, the Trail Creek y-
axis is scaled from 0-25m3/s instead of the 0-1000 m3/s used for the Grand, St. Joseph, 




Wind velocity and lake current velocity are shown in Figure 4.8 and 4.9, respectively. 
Data is summarized by season for each river. Strongest winds occurred during the fall 
and winter for all four study rivers. The Milwaukee River saw mostly winds from the east 
during the winter and fall, dominant wind from the northwest during the spring, and no 
dominant directional pattern during the summer. The Grand River experienced no 
directional patterns during winter or fall, but dominant winds were from the southwest 
during the spring and south during the summer. At Trail Creek and St. Joseph River 
winds from the south dominated during winter and fall, and wind split between north and 
south during spring and summer. Similar to wind patterns, highest currents were seen 
during the fall and winter. At the Milwaukee River, lake current was predominantly in the 
negative along-shore (towards the southeast) direction during all seasons. The Grand 
River experienced less distinct directional patterns, but currents slightly favored the 
positive along-shore direction (towards the north). At Trail Creek currents in the positive 
along-shore direction (towards the northeast) dominated during the winter, summer, and 
fall. During the spring, currents evenly split between the positive and negative along-
shore direction. At the St. Joseph River, currents in the positive along-shore direction 
dominated throughout all the seasons although currents were more evenly distributed 




Figure 4.8 Seasonal Wind Patterns for Study Areas on Lake Michigan: Daily wind value 
[m/s] is plotted in the ‘from’ direction on a seasonal basis for 2011-2013 GLERL 





Figure 4.9 Seasonal Current Patterns for Study Areas on Lake Michigan: Daily lake 
current value [m/s] is plotted in the ‘to’ direction on a seasonal basis for 2011-2013 
GLERL Nowcast model with 2km grid cells. 
 
Temperature patterns are shown in Figure 4.10 in the form of observed density difference 
between the river water and lake water at each study river. Values above the 0 value 
reference line are time periods when the river water was positively buoyant (lake water 
was more dense than the river water) and time periods when density values are below the 
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0 value reference line indicate days when the river was negatively buoyant or more dense 
than the lake water. For the Grand, St. Joseph, and Milwaukee Rivers the river water was 
positively buoyant for the majority of the late spring, summer, and early fall. Limited 
temperature data was available for Trail Creek during the study period, but data collected 
experienced very little temperature and density difference between the lake and river 
water. 
 
Figure 4.10 Difference between Lake Water and River Water Density: Measured daily 
temperature data for Lake Michigan and study rivers was used to calculate daily water 
densities and density differences. Negative density differences indicate time periods 
when the river water is more dense that the lake water and would produce a negatively 
buoyant plume. Density differences between Trail Creek and lake water were only 




Total phosphorus, total nitrogen, and chlorophyll concentrations measured within the 
plume and river were significantly higher compared to lake samples and are shown in 
Figure 4.11. In particular, the difference between chlorophyll concentrations in the 
river/plume water and the lake water increased as the summer progressed during both 




Figure 4.11 Nutrient Data for the St. Joseph River: Data is compiled from the USGS gage 
04101500 1979-2013 and data collected for this project 2011-2012. ‘Lake’ sampling 
points registered a pure lake signature as defined by specific conductivity. ‘River’ points 
are located within the river channel including values collected by the USGS and sampling 
by this project. 
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4.5.2 River Plume Classification 
Using the daily average values of wind, river, and lake conditions, daily river plume 
classifications were calculated for the three study areas on a daily basis for 2011-2013.  
Classifications were categorized as (1) Nearshore, (2) Offshore, or (3) Negatively 
Buoyant. These results are seen in Figure 4.12. The St. Joseph and Grand Rivers and 
Trail Creek behaved similarly in seasonal patterns. In the winter, nearshore plumes 
dominated followed by negatively buoyant. No winter river temperature data was 
available for Trail Creek, so plume classification was not possible during this season. 
During the spring, nearshore plume classifications dominated again with even more total 
flow volume output during this classification. However, negatively buoyant plumes were 
rarely seen and offshore plumes became the second most common plume type. The 
summer plumes experienced even distributions between nearshore and offshore, but had 
the lowest overall total flow volume contributed of all the seasons. In the fall, negatively 
buoyant plumes dominated with the nearshore plumes being the second most common. 
For the Milwaukee River, the dominating river plume types were negatively buoyant and 
nearshore; however, there were significant contribution from all plume types throughout 




Figure 4.12 Total Flow Volume in m3 Delivered during Each Plume Classification: Total 
flow volume in cubic meters delivered during each plume classification type per season 
averaged over the three study years except for Trail Creek which was only averaged 
between 2011 and 2012. Note: Because of the fewer days with complete data sets and 
overall smaller flow, Trail Creek is scaled differently than the other three rivers. 
 
For these study years, the study rivers averaged 49% total flow during plumes that 
directly affected the nearshore region while 18% mixed into the offshore water. These 
percentages do not include Trail Creek because of the large sections of river temperature 
data missing during the winter prohibited the development of an accurate temperature 
estimation equation and subsequently the ability to classify plumes all year. 
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4.5.3 River Plume Spatial Characterization 
4.5.3.1 Horizontal Structure 
River plume sizes were calculated for all sampling days (n= 2 for the Grand River, n=24 
for the St. Joseph River). Sampling was conducted weekly at Trail Creek in the hopes to 
map the plume location, but on no sampling day did the Trail Creek plume leave the river 
mouth. Instead it mixed completely with the lake water further upstream. On average 
plume sizes differed between the relative conductivity thresholds by a multiple of about 
2.4. The mean plume size for the St. Joseph River was 1.8-3.8 km2 with a standard 
deviation of 0.8-1.6 km2. For the Grand River, the mean plume size was 0.7-2.6 km2 with 
a standard deviation of 0.5-1.5 km2, but only two sampling days were available so mean 
and standard deviation values could be skewed and biased. 
Plume maps for all sampling days are available in Figures 4.13-4.19. The largest plume 
sampled occurred on May 1, 2012 at the St. Joseph River with a plume area of 4.7-9.5 
km2. However, very little difference is seen overall between the plumes sampled. This is 
believed to be a product of an accidental sampling bias as opposed to an actual 
uniformity within the rivers. For safety boat sampling occurred only on days with low 
wave height (less than 3 feet). These days coincided with winds from the south and east 
which may have attributed to uniformity in plume structure. A complete summary of all 






Table 4.4 Calculated Plume Area [m2] for the Grand and St. Joseph Rivers: Linear interpolation was used between sampling locations 
in order to estimate location of threshold relative conductivity. Thresholds of 0.2 and 0.5 were used to estimate a range of plume sizes.  
5/31/2012 152 1.0 - 3.6 70 0.018 4.3 -0.103 98 0.001 6 Nearshore
7/26/2012 208 0.3 - 1.5 29 0.010 -2.3 0.114 30 0.001 7 Nearshore
6/10/2011 161 1.3 - 2.3 1.8 2.3   - 4.2   169 3.9   - 6.9     0.017 0.2 0.060 0 1.590 4 Nearshore
6/16/2011 167 2.4 - 4.9 1.6 3.8   - 7.9   126 8.5   - 17.4   0.012 2.1 -0.020 0 0.007 5 Offshore
6/22/2011 173 1.8 - 3.3 1.6 2.9   - 5.3   120 6.8   - 12.2   0.015 3.9 -0.003 0 0.004 3 Offshore
6/30/2011 181 2.4 - 4.9 0.7 1.7   - 3.4   102 4.5   - 9.2     0.010 1.4 0.017 0 0.017 4 Nearshore
7/7/2011 188 1.3 - 3.9 1.2 1.5   - 4.6   78 5.5   - 16.5   0.006 -1.3 -0.031 0 0.013 4 Nearshore
7/14/2011 195 0.6 - 2.3 2.3 1.5   - 5.3   72 5.7   - 20.4   0.009 0.2 0.000 0 0.394 6 Nearshore
7/20/2011 201 2.2 - 4.6 0.7 1.5   - 3.2   54 7.8   - 16.6   0.014 1.8 0.048 0 0.006 3 Offshore
8/2/2011 214 2.3 - 4.8 2.9 6.8   - 13.9 337 5.6   - 11.5   0.006 2.7 0.009 0 0.002 5 Offshore
8/11/2011 223 1.8 - 3.5 0.5 0.9   - 1.7   150 1.7   - 3.2     0.010 0.3 0.073 0 0.059 5 Offshore
9/23/2011 266 1.9 - 3.7 1.1* 2.0   - 3.9   62 8.8   - 17.3   0.002 0.3 0.084 0 0.059 1 Neg. Buoy.
10/9/2011 282 2.0 - 3.8 1.1* 2.1   - 3.9   59 9.8   - 18.6   0.001 1.7 -0.053 0 0.002 1 Neg. Buoy.
5/1/2012 122 4.7 - 9.5 2.9 13.7 - 27.5 67 56.8 - 114.0 0.004 1.3 -0.064 0 0.009 4 Nearshore
5/17/2012 138 2.1 - 4.2 1.7 3.5   - 7.2   110 8.8   - 18.1   0.011 0.8 -0.067 0 0.051 4 Nearshore
5/21/2012 142 1.2 - 2.3 0.9 1.1   - 2.0   84 3.6   - 6.8     0.012 -4.1 -0.093 0 0.002 4 Nearshore
6/6/2012 153 2.0 - 4.4 0.9 1.8   - 4.0   57 8.9   - 19.3   0.010 -3.8 -0.080 0 0.002 6 Nearshore
6/13/2012 165 1.4 - 3.7 0.6 0.8   - 2.2   55 4.2   - 11.2   0.013 -0.9 -0.084 0 0.014 6 Nearshore
6/20/2012 172 1.8 - 3.2 0.6 1.1   - 1.9   41 7.4   - 12.9   0.014 4.3 -0.050 0 0.001 5 Offshore
6/26/2012 178 1.7 - 3.8 0.9 1.5   - 3.4   39 10.9 - 24.2   0.012 -0.8 -0.060 0 0.010 6 Nearshore
7/3/2012 185 1.6 - 3.6 0.6 1.0   - 2.2   39 6.9   - 15.5   0.007 2.7 0.017 0 0.001 5 Offshore
7/12/2012 194 1.8 - 3.6 0.6 1.1   - 2.2   26 11.7 - 23.4   0.011 1.3 -0.044 0 0.001 4 Nearshore
7/18/2012 200 1.8 - 3.5 0.9 1.6   - 3.1   48 9.4   - 18.1   0.009 0.4 -0.008 0 0.018 6 Nearshore
7/22/2012 204 1.9 - 3.8 1.3 2.5   - 5.0   33 20.7 - 41.8   0.007 2.5 0.026 0 0.001 5 Offshore
7/31/2012 213 1.1 - 2.0 2.2 2.4   - 4.5   39 16.9 - 32.0   0.005 0.0 -0.036 0 2.105 5 Offshore
8/7/2012 220 1.9 - 3.8 1.7 3.3   - 6.4   34 26.9 - 52.3   0.004 2.8 0.034 0 0.000 5 Offshore
Median 1.8 - 3.7 1.1     1.7   - 4.0   61   8.1   - 17.4   0.010  1.0 -0.014 0 0.008

































Figure 4.13 Plume Maps for Grand and St. Joseph Rivers: (A) Grand River 5/31/2012 (B) 
Grand River 7/26/2012 (C) St. Joseph River 6/10/2011 (D) St. Joseph River 6/16/2011. 
0.5 and 0.2 relative conductivity boundary indicated the calculated plume boundary using 
the indicated relative conductivity. Circular points indicate the location of conductivity 
sampling on the sampling day. Wind vectors are indicated with a solid arrow while lake 




Figure 4.14 Plume Maps for St. Joseph River 6/22-7/7/2011: (A) 6/22/2011 (B) 
6/30/2011 (C) 7/7/2011 (D) 7/14/2011. 0.5 and 0.2 relative conductivity boundary 
indicated the calculated plume boundary using the indicated relative conductivity. 
Circular points indicate the location of conductivity sampling on the sampling day. Wind 





Figure 4.15 Plume Maps for St. Joseph River 7/20-9/23/2011: (A) 7/20/2011 (B) 
8/2/2011 (C) 8/11/2011 (D) 9/23/2011. 0.5 and 0.2 relative conductivity boundary 
indicated the calculated plume boundary using the indicated relative conductivity. 
Circular points indicate the location of conductivity sampling on the sampling day. Wind 





Figure 4.16 Plume Maps for St. Joseph River 10/9/2011-5/21/2012: (A) 10/9/2011 (B) 
5/1/2012 (C) 5/17/2012 (D) 5/21/2012. 0.5 and 0.2 relative conductivity boundary 
indicated the calculated plume boundary using the indicated relative conductivity. 
Circular points indicate the location of conductivity sampling on the sampling day. Wind 





Figure 4.17 Plume Maps for St. Joseph River 6/6-6/26/2012: (A) 6/6/2012 (B) 6/13/2012 
(C) 6/20/2012 (D) 6/26/2012. 0.5 and 0.2 relative conductivity boundary indicated the 
calculated plume boundary using the indicated relative conductivity. Circular points 
indicate the location of conductivity sampling on the sampling day. Wind vectors are 




Figure 4.18 Plume Maps for St. Joseph River 7/3-7/22/2012: (A) 7/3/2012 (B) 7/12/2012 
(C) 7/18/2012 (D) 7/22/2012. 0.5 and 0.2 relative conductivity boundary indicated the 
calculated plume boundary using the indicated relative conductivity. Circular points 
indicate the location of conductivity sampling on the sampling day. Wind vectors are 




Figure 4.19 Plume Maps for St. Joseph River 7/31-8/7/2012: (A) 7/31/2012 (B) 8/7/2012. 
0.5 and 0.2 relative conductivity boundary indicated the calculated plume boundary using 
the indicated relative conductivity. Circular points indicate the location of conductivity 
sampling on the sampling day. Wind vectors are indicated with a solid arrow while lake 
current vectors are indicated with a dashed arrow. 
 
Average conductivity was also calculated at each of the fixed sampling points shown in 
Figure 4.20.  Sampling locations 1 and 5 were never located within the plume as defined 
by a threshold of either 0.2 or 0.5 relative conductivity. Points 2-4 varied greatly whether 
they were in the plume or not depending upon the day with point 2 being within the 
plume 7/22 days, point 3 8/21 days, and point 4 13/23 days (assuming 0.2 relative 
conductivity threshold). Points 7 and 8 are located within the river. With average plume 
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signature does not leave the river mouth with all values outside of the river mouth being 
less than the 0.2 threshold. 
 
 
Figure 4.20 Average Relative Conductivity and Total Samples Taken at Each 
Approximate Sampling Location for St. Joseph River 2011-2012 
 
4.5.3.2 Vertical Structure 
The vertical structure of the plume at the river mouth was assessed using vertical 
conductivity sampling as described earlier. Linear interpolation was conducted between 
sampling locations in order to estimate bottom plume boundaries. Figure 4.21 shows the 
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estimated vertical structure of St. Joseph River and Trail Creek on the sampling days. Six 
successful vertical sampling days were completed in the St. Joseph River and one sample 
was conducted in Trail Creek. On all sampling days with vertical sampling, the St. Joseph 
River plume lifted off the river bottom before exiting the river mouth except for the May 
1, 2012 plume. Plumes lifting off of the bottom outside the river channel indicate plumes 
with high density difference between river and lake water and high streamflow. This is 
reflected on the observed daily streamflow for the sampling days. May 1, 2012 had 
double the streamflow (110 m3/s) compared to the other sampling days (mean=45.4 m3/s). 
The Trail Creek liftoff point was further upstream than sampling was conducted (greater 







Figure 4.21 Vertical Conductivity Structure of the St. Joseph River and Trail Creek at the 
River Mouth: White dashed lines indicate locations of vertical sampling, the colormap 
indicates relative conductivity concentrations, and the black solid line shows the 
approximated location of the plume boundary as estimated by hf. The distance from river 
mouth is the approximated location of the sampling relative to the river mouth (x=0). 
Negative x-values are locations upstream from the river mouth, and positive x-values are 
locations downstream from the river mouth. The black points are estimated plume depth 
at the river mouth by hc. 
 
Ideally, a larger range of streamflow values would have been captured on sampling days 
in order to assess the typical vertical behavior of the plumes, but they were not captured 
on the sampling days. However, vertical behavior of the plume can be estimated using the 
Froude number (Equation 5). Figure 4.22 shows the densimetric Froude number on a 
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semilog scale for all the study areas. When the densimetric Froude number is much 
greater than 1, the liftoff point or plunge point for negatively buoyant plumes of the 
plume will be outside of the channel and into the lake (Huzzey, 1982; Wright et al, 1986). 
Alternatively, when the Froude number is much less than one, the liftoff point or plunge 
point will be upstream of the river mouth. The Froude number is highly variable for the 
Grand, St. Joseph, and Milwaukee Rivers. The Grand and St. Joseph Rivers frequently 
show Froude numbers greater than 1 throughout the year meaning that the plumes will 
frequently liftoff from the bottom further downstream from the river outlet. The 
Milwaukee River Froude number does exceed 1 during the spring, but typically remains 
underneath which means that the plume will typically liftoff upstream of the river mouth. 
Because river temperature data was limited for Trail Creek, it was only possible to 
calculate the Froude number during the summer and fall. The Trail Creek Froude number 
is consistently under 1 which means that Trail Creek will have a dominance of plumes 




Figure 4.22 Densimetric Froude Number for 2011-2013: Values below 1 indicate days 
when the plume liftoff point is located within the river channel. Froude numbers greater 
than 1 are days with liftoff points located within the lake. 
 
4.5.3.3 Residence Time 
The residence time, or amount of time water stays within the plume, varied greatly over 
the sampling days with a median residence time of 18.1 hours and a standard deviation of 
23.9 hours for the 0.2 relative conductivity threshold and a median of 8.5 hours and 
standard deviation of 12.1 hours for the 0.5 relative conductivity threshold. The largest 
sampled plume, which occurred on May 1st, 2012, expectedly also produced the highest 
residence time of 57-114 hours (2.4-4.75 days). 
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Because of the limited water samples taken on sampling days, caution is needed with 
using the determined plume boundaries, sizes, and residence times. Instead it is 
recommended to use the boundaries as ranges of potential plume influence. For future 
sampling, a finer sampling grid that spans a wider berth would be beneficial to capture 
the bounds of the plume especially if sharp plume boundaries are expected. 
4.5.3.4 Rotation Results 
Using the plume boundaries seen in Figures 4.13-4.19, the effect of rotation on the St. 
Joseph and Grand Rivers were assessed by comparing the estimated cross-shore width of 
the plume with the Rossby Radius. Figure 4.23 shows the daily Rossby Radius calculated 
for the Grand River and St. Joseph River, respectively. In situations where the plume 
width is higher than the Rossby Radius, the Coriolis Effect influences the behavior of the 
plume. The smaller the plume radius is compared to the Rossby Radius the less of an 
influence rotation will be on the plume. For the Grand and St. Joseph Rivers, the plume 
width was very close to the Rossby Radius on all sampling days. This makes it difficult 
to assess whether rotation affects the behavior of the plumes. However, as mentioned 
previously, the effect of rotation would only change the direction or behavior of the 




Figure 4.23 Rossby Radius and Measured Plume Widths: Rossby Radius is shown in the 
continuous lines while the sampled plume widths are shown as points. Daily Rossby 
Radius was calculated using an assumed average plume depth of 1.3 meters which was 
calculated from the average plume depth found on the sampling days. 
 
4.6 Discussion 
4.6.1 Physical and Chemical Characteristics 
No anomalies were found within the wind, current, and streamflow data for this project. 
The pattern of stronger winds from the south during the summer at Trail Creek and St. 
Joseph has been found in other Lake Michigan studies (Troy et al, 2012). For the current, 
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the along-shore lake current greatly dominated the current direction and the cross-shore 
component was almost negligible, as expected. All of the current trends agree with the 
expected cyclonic patterns for the southern Lake Michigan Basin (Mortimer, 2004; 
Beletsky et al, 1999; Beletsky & Schwab, 2001) with current mostly traveling in the 
positive along-shore direction for St. Joseph River, Grand River, and Trail Creek (eastern 
shore) and in the negative along-shore direction for the Milwaukee River (western shore). 
An interesting result of this study was the characterization of Trail Creek near the river 
mouth. Limited temperature data was available for Trail Creek during the study period, 
but data collected shows very little temperature and density difference between the lake 
and river water, which is likely a function of the very low flow rate and estuary-like 
conditions at the river mouth. This result is further supported by the relative conductivity 
survey which found that the Trail Creek river water signature did not persist out of the 
river mouth on any sampling day and instead mixed with lake water upstream. 
The TN, TP, SRP, TSS and chlor-a concentrations behaved in expected patterns as well. 
It is generally accepted that tributaries serve as a source of nutrients to receiving water 
bodies as shown in previous studies (Johengen et al, 2008; Dagg & Whitledge, 1991; 
Moss et al, 1986; Allen & Hershey, 1996) The higher concentrations of TP and SRP 
within the river water indicate the propensity for elevated productivity in areas impacted 
by the plume water compared to pure lake water. An example of this increase in 
productivity was seen in the chlor-a concentrations that mimicked the SRP and TP trends. 
Riverine TP and SRP experienced a seasonal increase during the spring prior to the start 
of plume sampling in 2011 and 2012. Following the spring increase on an approximate 2-
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month delay, chlor-a concentrations also increased during the summer months and then 
decreased leading into the fall. Previous studies have shown this type of nutrient 
seasonality effect on chlor-a with added nutrients causing an increase in algal biomass 
during the spring and summer, but no significant change during the fall (Allen & Hershey, 
1996). These seasonality patterns could influence the nearshore ecosystem health 
especially depending on the river water plume behavior and will be discussed further in 
subsequent sections. 
4.6.2 River Plume Classification 
The majority of streamflow volume was delivered during plume classifications that 
impact the nearshore region especially during the winter and spring. In the late spring and 
summer, along-shore lake currents are lower which allows the other factors (wind and 
streamflow) to influence the plume classification and produce a more even distribution of 
plume types including the plume types that rely on strong wind patterns to form. The 
results for the summer plumes are similar to Nekouee et al (2013) with the nearshore 
plumes being a major contributor (n=23) and offshore plumes being very close (n=16). 
The dominance of nearshore impacting plumes has the potential for affecting the health 
of nearby ecosystems. Nutrient rich river water has been shown to increase the overall 
productivity (Johengen et al, 2008), and river plumes often transport potentially harmful 
bacteria along shorelines and beaches (Nekouee et al, 2015 (A); Nekouee et al, 2015 (B)). 
Understanding the timing and distribution of nutrient and contaminant loading is an 
important next step for understanding the influence a river plume has on the local 
ecosystem. During this project, increased TP and SRP concentrations were seen in river 
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water compared to pure lake water. Higher nutrients within the river water coupled with 
higher nearshore plume flow volume during the spring season could cause a spike in 
primary productivity and bacterial growth similar to the increase in chlor-a seen within 
the river water samples.  
An unexpected feature found in the plume classifications was the presence of many 
negatively buoyant plumes during the spring and summer. The high count of negatively 
buoyant plumes can be further assessed by looking at the temperature differences 
between the river and lake water. Because both water bodies are fresh water systems, the 
temperature difference is the main driver behind buoyancy forces. Negatively buoyant 
plumes appeared to be marked by two circumstances: (1) the temperature difference 
between river and lake water was very small, so the water column was most likely well 
mixed due to small buoyancy forces; and (2) the river water was significantly colder than 
the lake water creating a true negatively buoyant plume. The Grand River and St. Joseph 
River experienced greater density differences between lake and river water when 
compared to the Milwaukee River and Trail Creek. The Milwaukee River and Trail Creek 
experienced mostly instances of the case described above where low temperature 
difference (low density difference) potentially caused a well-mixed water column 
because of low buoyant forces. However, in the Grand and St. Joseph Rivers, the 
buoyancy forces were much different driven by high density differences between the 
river and lake water. In situations where the density difference between lake and river 
water is small, the water column will mix quickly in which case the contaminants will 
most likely also mix into the lake water and then follow lake current patterns. However, 
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if the buoyancy force is stronger, the river water would plunge down to the lake bottom 
and follow the bottom currents until the water is mixed. In this situation, any 
contaminants could be delivered directly to the bottom substrate or it could travel along 
the lake bottom with the plume. Further research on contaminant loading in negatively 
buoyant plumes is needed. 
4.6.3 River Plume Spatial Characteristics 
The estimated extent of the St. Joseph River plume was small compared to previously 
studied oceanic systems. For example the Mississippi River plume is typically three 
orders of magnitude larger than the St. Joseph Plume (Walker, 1996). Because of the low 
spatial resolution for sampling locations on each plume day, caution is recommended to 
accepting the plume areas as estimates and they should be considered ranges of potential 
plume size instead. However, the estimated plume sizes from this project fall within a 
similar range to those seen in a project on the Grand River by Nekouee et al (2010, 2013, 
2015 (A), 2015 (B)).  Plume sizes estimated from aerial images collected by Nekouee et 
al had a median area of 3 km2 and a standard deviation of 4 km2. These estimated sizes 
were similar to this project’s results as expected from similar sampling seasons and 
location. 
From the resulting sampling location relative conductivity averages it appears that the 
plume was traveling to the north after leaving the river mouth (right turn) on the sampling 
days. This is shown by the increased number of sampling days with a plume signature at 
point 4 compared to point 2. In the future, higher resolution sampling paired with a more 
deliberate grid pattern is recommended in order to capture the true plume boundary. In 
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addition, daily plume sampling spanned an average of eight hours per day. Because of the 
movement and changes seen in visual plume location, it is recommended to attempt to 
decrease overall sampling time in order to better capture a more accurate plume boundary 
representation. 
During low flow conditions, the St. Joseph plume lifted off upstream of the river mouth. 
Only during an elevated flowrate did the plume push out into the lake before lifting off 
the bottom. Because of the higher occurrence of liftoff points within the river channel, it 
would appear that the St. Joseph River vertical structure will behave this way typically. 
However, it is important to look at these results in the context of the entire seasonal cycle. 
Most vertical sampling occurred during the late summer of 2012 which coincides with 
low Froude numbers on the annual cycle. During the spring, fall, and winter Froude 
numbers higher than 1 actually dominate for the St. Joseph indicating that the plume will 
usually have enough momentum to push the liftoff point out into the lake. This trend is 
also seen in the Grand River and to a lesser degree in the Milwaukee River. These results 
have potential ecological implications because rivers with later liftoff points will have 
their plumes in contact with the bottom substrate for longer periods allowing for higher 
transfer of constituents like nutrients. 
Rotation appears to be borderline important for plumes as large as the St. Joseph and 
Grand Rivers. The Rossby radius peaks during the summer and shows lowest values 
during the winter. During the summer when plume widths were estimated, widths were 
equal or higher to the Rossby radius indicating that rotation has the potential to influence 
the behavior of the plumes. During the winter when the Rossby radius decreases, by 
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assuming a constant width, the influence of rotation greatly increases. It is important to 
note that plume width will most likely be greater during the late winter and early spring 
because of increased flowrate. This would cause an even greater impact from the Coriolis 
Effect and influence over plume behavior. However, the rotational effect on the St. 
Joseph and Grand Rivers would be to push the plumes to the right after exiting the river 
mouths which is to the north on the eastern Lake Michigan shore. Since the dominate 
lake current direction is already to the north during the winter, it is believed that the 
effect of rotation on plume behavior will be minimal. 
4.6.4 River Plume Sampling Challenges 
Several sampling challenges arose when attempting to capture the plume behavior during 
this project. First, sampling was greatly limited to days when boating conditions were 
safe (low waves). This unfortunately biased the collected data to certain wind and current 
conditions, and also resulted in the capture of plumes primarily during low streamflow 
conditions. Ideally, sampling would be conducted following major storm events and 
during a wide spectrum of flow regimes in order to allow for more accurate conclusions. 
Also, boating safety requirements limited the sampling to the spring and summer which 
leaves the fall and winter unrepresented and no negatively buoyant plumes captured 
through sampling. Another sampling limitation was the amount of time it took to 
complete an entire sampling trip. Collecting samples within the plume area, river, and 
pure lake water was time consuming which limited the number of possible sampling 
locations and the accuracy of the possible plume mapping. Additionally, the time lapse 
during sampling could skew the plume size and location results because the plume was 
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highly variable and had the potential to shift within the span of a couple hours. 
Minimizing the amount of time between sampling locations is recommended to capture a 
more accurate depiction of spatial characteristics. Believed to be a result of the rapidly 
changing plume location, the plume boundary was not visually clearly defined which 
made sampling the entire boundary more difficult. Lastly, the largest sampling challenge 
faced was the limit on time and funding resources. Sampling the entire plume extent and 
water quality parameters at multiple rivers and during a wide range of flow conditions is 
very time consuming which limits the sampling options. 
4.7 Conclusions 
Lake Michigan tributaries provide a source of nutrients to the nearshore region as seen 
within higher river nutrient concentrations compared to lake values. The structures, and 
ultimately the ecological impact, of river plumes vary depending on the river, lake, and 
wind conditions. With approximately 50% of the total annual streamflow occurring 
during plumes classified as nearshore plumes, the localized impact of river plumes (found 
with both high occurrence of nearshore plumes and small plume extent) paired with 
higher nutrient levels within river water could cause nearshore water quality impairment. 
Plume characteristics like classification and vertical structure showed strong seasonality 
driven by the seasonality of water temperatures and wind and current patterns. Sampled 
plumes during summer (low flow period) stayed localized to the river mouth, but size did 




Future studies are recommended to investigate the seasonality of plume characterizes 
with field sampling missions designed to delineate the horizontal and vertical structure 
more thoroughly. This analysis would better allow for the determination of river plume 
residence times outside of the typical summer fieldwork season and for the validation of 
the plume classification methodology used. 
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CHAPTER 5. CONCLUSION 
The Great Lakes nearshore zone is a complex and diverse system (Meadows et al, 2005). 
The preceding chapters addressed three key components that influence the function of the 
Lake Michigan nearshore region: (1) changes in tributary streamflow patterns; (2) 
tributary water quality behavior; and (3) river plume characteristics and classification. 






Figure 5.1 Schematic of Research Topics  
 
Changes in streamflow hydrology occurred within the Lake Michigan Basin since the 
1920s. Although changing hydrology can affect nearshore ecosystem behavior by itself 
(Cherkauer & Sinha, 2010; Magnuson et al, 1997), the issues are exacerbated when 
paired with streamflow dependent nutrient concentration trends. Nutrients (specifically 
total phosphorus, total nitrogen, orthophosphate, and total suspended solids) were found 
to have either chemostatic (constant concentration) or accretion (increasing concentration) 
as streamflow increased. Observed historical and predicted future increases in streamflow 
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paired with the aforementioned Q-C relationships could cause over burdening of 
nearshore environments within Lake Michigan. The degree to which the tributary water 
influences the nearshore greatly depends on the behavior and characteristics of the river 
plume as it exits the river mouth. The river plumes within this study delivered the 
majority of their flow to plumes that remained in the nearshore region whether through a 
nearshore plume classification or through a negatively buoyant plume that could deposit 
nutrients directly into the nearshore substrate. The nearshore plumes allow for nutrient-
rich river water to influence the nearshore ecosystem for longer with higher primary 
productivity and bacterial growth (Johengen et al, 2008). 
Because of the importance of tributary water to the nearshore zone, it is important to 
continue to work on monitoring the changes in tributary behavior as well as characterize 
the plume dynamics further and more thoroughly. For future work, it is recommended to 
look further into the affect land use changes have had on historic hydrology as historic 
land use data becomes available. Characterizing the drivers behind hydrologic changes 
within a watershed not only increases the overall understanding of the system, but also 
makes future changes easier to predict. It is also recommended to further investigate the 
streamflow-concentration relationship for the Lake Michigan tributaries as much water 
quality becomes available. Although current data appears to cover a wide range of 
streamflow values, usage of a higher number of data points will allow for more robust Q-
C relationships especially if future sampling captures a greater number of high flow 
events. For river plumes, it is first recommended to expand future sampling to include a 
wider temporal coverage. Vertical sampling during seasonal transitional periods, such as 
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early spring and late fall, with a particular focus on days when plumes are expected to be 
negatively buoyant will help in verifying the utilized plume classification methodology. 
The vertical sampling paired with water quality sampling could help clarify the influence 
river plume water can have on the bottom substrate and influenced ecosystem during 
negatively buoyant plumes. Lastly, it is recommended to conduct higher spatial 
resolution sampling missions during a wider range of river streamflow magnitudes, wind, 
and current conditions in order to increase the accuracy of spatial trend generalization as 
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